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1. Infant-Directed Music and Singing: Acoustic Basis and Developmental Outcomes 

1.1. General Introduction and Thesis Overview 

Infant-directed (ID) songs are proposed to be specially tailored to the needs of infants. 

ID music and singing differ from their non-ID equivalents in some acoustic and performance 

aspects (Trainor, 1996; Trehub, 2017; Trehub et al., 1997). Caregivers widely and intuitively 

use them to meet various needs, such as entertaining, soothing, or capturing and holding 

attention (Rock et al., 1999; for a review, see Sharman et al., 2023). Like in speech (Cooper 

& Aslin, 1990), infants prefer the infant-directed version of music and singing to the adult-

directed one (Trainor, 1996). So far, we know that infants neurally respond to rhythm 

(Edalati et al., 2023) and pitch (Carral et al., 2005) and that they respond to recorded musical 

stimuli with body movements (Ilari, 2015; Zentner & Eerola, 2010). 

However, in order to investigate whether the ID musical input has the intended 

communicative effects, we need to examine how infants actually engage with musical 

stimuli. To shed light on how infants engage with music, we first need to investigate how 

they process different acoustic features and musical structures at the neural level, and how 

they react to them at the behavioural level. Then we can investigate the multimodal (i.e., 

neural and behavioural) reactions to ID musical input in an interactive setting and zoom in on 

the moment-to-moment timescale to elucidate how infants actually engage in these 

interactions. These questions are especially important to investigate on multiple modalities, 

both in well-controlled experiments and in live interactions. It is largely unknown which 

acoustic qualities in ID music and singing evoke the strongest neural and behavioural 

responses, how different modalities are connected, and which are most engaging in musical 

interactions. This would provide insight into reactions to musical stimuli, as well as the 

mechanisms underlying music processing and the role they play in musical interactions. A 

perspective on the moment-to-moment timescale of how attention flows during reciprocal 

interactions would shed light on how caregivers and infants structure musical interactions in 

different contexts depending on infants’ needs and how infants engage in musical 

interactions.  

Therefore, the present thesis aims to investigate the following questions: 

 How do infants process ID music and singing at the neural level? Do musical structure 

or acoustic qualities like pitch, tempo, loudness, or rhythmicity play a role in neural 

processing? 



  
 

 How do infants behaviourally respond to ID music and singing? Do musical structure, 

acoustic qualities, or certain types of songs affect their movements, attention, or 

language outcomes? 

 How do infants and caregivers interact during live ID singing interactions? Are 

caregivers or infants more responsive to each other during certain types of songs? How 

do caregivers adjust their singing contingently to infant attention in real time?  

The following studies aim to answer these questions: Study 1 investigates how infants 

process ID music via neural and sensorimotor responses to controlled ID musical stimuli over 

the first postnatal year of life. It examines whether musical structure and pitch influence 

neural processing and motor output. Study 2 explores how infants engage with ID music by 

investigating their neural tracking and motor responses to two distinct types of live ID 

singing at 7 months, as well as their language outcomes at 20 months. Study 3 extends Study 

2 by investigating the relationship between infant attention and maternal acoustic variability, 

giving a much-needed interactional perspective on ID singing and how it can scaffold infant 

attention. Together, these studies shed light on how infants process and respond to ID music 

and singing across multiple modalities, how caregivers scaffold infants' attention during ID 

singing, and how caregivers and infants meaningfully engage with each other in the context 

of ID singing. 

1.2. Music and Singing in Development 

1.2.1. What Are Infant-Directed Music and Singing, and When Are They Used? 

Infant-directed (ID) music and singing are special forms of ID communication. They 

refer to musical content that caregivers intuitively and routinely use in interaction with 

infants all over the world (Ilari, 2005; Steinberg et al., 2021; Trehub, 2019; Trehub et al., 

1997), who are especially receptive to ID communication in their first year of life (Trainor, 

1996; Tsang et al., 2017). Singing to infants seems to have been a ubiquitous part of human 

culture throughout history (Mehr et al., 2019; Savage et al., 2021). Nowadays, the majority of 

U.S. American infants' music exposure consists of recorded vocal and/or instrumental music, 

though their musical soundscape includes a mix of live and recorded vocal and instrumental 

music (Mendoza & Fausey, 2021). While ID singing has the advantage for caregivers of 

being readily available without preparation, recorded ID music can entertain infants without 

caregivers having to take on an active, productive role in the interaction. Depending on the 

context, it might be more convenient for caregivers to use recorded ID music in certain 



  
 

caregiving situations, for example, when the focus is less on the interaction itself, but rather 

on other caregiving goals like entertainment, distraction, or routine-building. 

Still, the communal context of music is perhaps one of its most important ones, as it 

fosters social connection (Savage et al., 2021), which extends to singing as a potential means 

of infant-caregiver bonding (Trehub et al., 1997). Especially in the early years of life, singing 

to infants is a widespread method to foster bonding with caregivers (Ilari, 2005). Besides 

bonding with their infants, caregivers use ID singing and music in a myriad of ways: To 

promote affect attunement between infant and caregiver, to aid infant emotional regulation, to 

assure caregivers of their role, and to attract, maintain or diffuse infant attention (Rock et al., 

1999; for a review, see Sharman et al., 2023). Especially the interactional nature of ID 

singing may even help to strengthen the infant-caregiver relationship.  

Culture influences the type of singing interaction caregivers use. Caregivers in 

cultures where infants are carried in close physical contact for most of the day and co-sleep at 

night predominantly sing soothing melodies to their infants (Trehub & Gudmundsdottir, 

2015). Singing interactions in urban Western cultures, where infants have less physical 

contact with their caregivers (Hewlett & Lamb, 2002; Trehub, 2019), tend to be in a playful 

face-to-face context, while soothing lullabies are reserved for putting infants to sleep 

(Trehub, 2019). Of course, nowadays, non-Western cultures are not cut off from Western 

cultural influences and music (Trehub & Cirelli, 2018). In conclusion, ID singing and music 

are common caregiving practices and have diverse uses. Not only does the practice of ID 

singing unite humans, but it is constituted by shared acoustic qualities. 

Acoustic properties. 

ID music and singing are characterised by specific acoustic properties. Most research 

quantifying the acoustic qualities of ID songs has focused on ID singing. Compared to ID 

speech, ID singing is more fixed in its form and content, can contain words or non-lyrical 

melodies, and has more repetitions, and consistent pitch and tempo (Bergeson & Trehub, 

2002; Longhi, 2009; Nakata & Trehub, 2011; Trehub, 1990). ID singing has a slower tempo, 

longer pauses, higher and more variable pitch, less timing variations, and more accentuated 

rhythm compared to self- (Nakata & Trehub, 2011; Trainor, 1996; Trainor et al., 1997; 

Trehub et al., 1997) or adult-directed singing (Hilton et al., 2022). Those physically 

quantifiable acoustic qualities are complemented by qualitative ratings about voice quality, 

such as emotional engagement, loving tone, warmth, or involvement (Trainor, 1996; Trehub 

et al., 1997). These acoustic qualities are accentuated by the physical presence of an infant. 



  
 

Caregivers (and even older siblings) are rated to be more emotionally expressive when 

singing live to an infant (Trehub et al., 1994, 2016), and even untrained adult listeners 

recognise renditions of songs when infants are present vs absent (Trainor, 1996). The 

presence of infants incentivises caregivers to sing with a more accentuated rhythm and loving 

tone. Possibly because of those acoustic quality differences, infants prefer recordings of 

infant-present over infant-absent ID singing (Trainor, 1996). 

While recorded ID music does not change based on infant presence or absence, it has 

the added option for multiple parts or melodies, as well as the advantage of being easy to 

control in experiments, which opens the possibility for thorough examination of which 

acoustic qualities infants prefer, attend to, or engage with the most. Live singing, on the other 

hand, is much more variable and allows for multimodal interaction. For example, adults 

adjust their eye movements to highlight salient information (Lense et al., 2022) and exhibit 

positive facial affect, energetic movements (Cirelli et al., 2020; Trehub et al., 2016), and 

idiosyncratic gestures during ID singing (Eckerdal & Merker, 2008) 

Two Distinct Types of ID Music and Singing. 

Based on its acoustic qualities and intended function, ID music is often divided into 

two distinct categories: playsongs and lullabies. When sung, playsongs are generally faster, 

higher-pitched, and more dynamically variable than lullabies (Cirelli et al., 2020; Rock et al., 

1999; Trainor, 1996; Trainor et al., 1997). Infants seem to reinforce these acoustic differences 

via their behaviour: Tested in head-turn and preferential looking paradigms, 6-7-month-olds 

prefer lower pitch in lullabies and higher pitch and faster tempo in playsongs (Conrad et al., 

2011; Tsang & Conrad, 2010; Volkova et al., 2006). The instances in which caregivers use 

those distinct types depend not only, as mentioned above, on cultural influences, but also on 

the infant’s state and the goal the caregiver wants to achieve. To emotionally regulate infants 

and direct their attention with ID singing, caregivers often use lullabies to soothe infants, and 

playsongs to arouse and attract attention (Rock et al., 1999; Trainor, 1996), though the choice 

of song may be dependent on the infant’s emotional and attentional state. Caregivers more 

often choose playsongs over lullabies to calm upset infants (Cirelli & Trehub, 2020), while 

lullabies soothe already calm infants even more (Cirelli et al., 2020). It seems that playsongs 

have an attention-grabbing effect, while lullabies are attention-diffusing. To determine 

whether those effects actually occur in infants, one needs to investigate how infants perceive 

and respond to musical stimuli. 

 



  
 

1.2.2. How Do Infants Perceive and React to Musical Stimuli? 

Neural Processing. 

Infants’ ability to perceive musical stimuli can be measured via their neural responses. 

Infants are already sensitive to various musical components from before birth: At 30 to 33 

gestational weeks, infants can already selectively process musical beat and tempo (Edalati et 

al., 2023). During violation-of-expectation electroencephalography (EEG) experiments, 

newborns’ brains show mismatch negativity, an event-related potential (ERP) to a rare 

deviant stimulus, to tempo changes (Háden, Honing, et al., 2015), downbeat omission 

(Winkler et al., 2009), pitch direction changes (Carral et al., 2005), and pitch intervals in 

musical stimuli (Stefanics et al., 2009). FMRI experiments further show that newborns are 

sensitive to key changes and consonance/dissonance (Perani et al., 2010). These findings 

point to fairly advanced musical processing already at birth. 

As infants mature, their processing abilities improve to take on more complex tasks, 

such as recognising familiar melodies (Plantinga & Trainor, 2009) and rhythms (Demany et 

al., 1977) at around 2 months of age, measured via head-turn or preferential looking 

paradigms. While these abilities are thought to be culturally universal, culture-specific 

musical scales and rhythms also influence infants. Sensitivity to some rules of Western 

harmonic scales might already be present and measurable via event-related potentials (ERPs) 

in newborns, such as the sensitivity to dissonant and minor chords (Virtala et al., 2013). This 

cultural sensitivity can be accelerated by appropriate musical training, even in infants as 

young as 6 months of age (Gerry et al., 2012). Neural responses to other cultural-musical 

aspects, including harmony or key membership, however, seem to develop towards an adult-

like response around 4 years of age (Corrigall & Trainor, 2014, 2019). Similarly, temporal 

processing skills, such as phase-locking to pure tones, develop with age (Shahin et al., 2010). 

While basic music processing abilities seem to be present from very early in life and develop 

with age, other modalities, such as attentional and behavioural responses, may support their 

further development.  

Attentional Responses. 

Measuring attention provides insight into early cognitive development by highlighting 

important, salient signals for infants. Attentional responses early in development can even 

predict later cognitive and social outcomes (Braithwaite et al., 2020; Pons et al., 2019; 

Werchan et al., 2025). Infant attention can be recorded via looking behaviour, neural signals, 



  
 

or physiology. For example, looking behaviour can be tracked via preferential looking or 

look duration (Pons et al., 2019; Werchan et al., 2025), neural signals via theta power 

(Braithwaite et al., 2020; Perapoch Amadó et al., 2023; Xie et al., 2018), and physiological 

signals via heart rate (Perapoch Amadó et al., 2023; Zhang et al., 2025). Importantly, those 

modalities are interconnected with respect to attention and developmental change. In live 

interactions, autonomic physiological arousal precedes shifts in attentive looking in 5-month-

olds (Perapoch Amadó et al., 2023). Only by 10 months of age does neural activity (theta 

power) follow visual attention shifts, predict the lengths of sustained attention, and modulate 

physiological arousal changes (Perapoch Amadó et al., 2023). 

Attentional responses to musical stimuli can be observed very early in life: Infants 

seem to remember musical stimuli they repeatedly heard in the womb (Partanen et al., 2013). 

As development progresses after birth, infants can react in more sophisticated ways. Overall, 

in their first year of life, infants pay more attention (measured via looking time) to ID singing 

than to ID speech (Nakata & Trehub, 2004; Tsang et al., 2017). In preferential looking 

paradigms, infants aged four to thirteen months look longer towards positive, loving affect in 

ID singing (Corbeil et al., 2013; Trainor, 1996) and to familiar, live-performed melodies 

(Kragness, Johnson, et al., 2022; Mehr et al., 2016). 

Furthermore, playsongs are more attention-grabbing than lullabies: During playsongs, 

6-month-old infants look longer towards their caregiver, whereas during lullabies, they look 

longer towards their own bodies or objects they are interacting with. This could be connected 

to playsongs’ brilliance, rhythmicity, and pitch variability, since the acoustic qualities of 

playsongs are suggested to convey their intention to be attention-grabbing and fun (Rock et 

al., 1999). Additionally, playsongs could invite more interpersonal connection, which is 

supported by higher caregiver emotional expressivity, especially positive caregiver affect 

(Markova et al., 2020; Trehub et al., 2016). Further corroborating this idea, the multimodality 

of singing elicits higher attention (measured via preferential looking) than audio-only 

versions of the same ID songs in 5-6-month-olds (Trehub et al., 2016). Additionally, rhythm 

seems to play an important role for infant attention: During video playbacks, infants look 

towards the singer’s eyes on the beat of singing already at two months of age (Lense et al., 

2022). 

Similar to neural processing, culture-specific perceptual narrowing also develops in 

the attentional domain. Infants, similar to adults, pay more attention to rhythmic irregularities 

in music of their own culture vs an unfamiliar culture at 12 months but not at 6 months of age 



  
 

(Hannon & Trehub, 2005a, 2005b). While 6-month-olds do not differentiate between 

preserved and disrupted rhythmic structure in music from familiar and unfamiliar cultures 

(Hannon & Trehub, 2005a), 12-month-olds, like adults, have lost the ability to distinguish 

between them. However, this lost sensitivity can be regained by brief post-experimental 

exposure to unfamiliar music (Hannon & Trehub, 2005b).  

ID singing appears to have profound effects on infant attention, which could have 

roots in both its acoustic qualities and interactional aspects. To better understand how ID 

songs become such a powerful tool for regulating infant attention, one has to look at infants’ 

behavioural responses. 

Movement Responses. 

Translating neural processing and attention to musical stimuli, infants can respond to 

ID singing and music with movement responses from quite early in development: Already at 

35 gestational weeks, foetuses show increased movement in response to music vs speech 

exposure (Kisilevsky et al., 2004). Five- to twenty-four-year-old infants spontaneously and 

rhythmically move more to music than to speech (Ilari, 2015; Zentner & Eerola, 2010), and 

they show tempo flexibility: They adjust their movement speed to the tempo of the music, 

even though they cannot perfectly synchronise to a beat yet (Rocha & Mareschal, 2017; 

Zentner & Eerola, 2010). Only later in toddlerhood, around 4 years of age, are children able 

to better synchronise their movements to rhythmic stimuli (Provasi & Bobin-Bègue, 2003). 

As children grow older, rhythmic complexity such as syncopation (i.e., the emphasis of non-

dominant beats) affects movements: Similar to adults, 3-6-year-old children prefer music 

with medium syncopation for dancing (Cameron et al., 2023). 

Interestingly, motor and vestibular processes might play an important role in music 

processing. Before infants master their own motor system properly and actively, they 

experience passive vestibular movements, which has an impact on their own movements. For 

example, infant spontaneous drumming not only becomes more regular and faster with age, it 

also correlates with caregiver body height. This correlation of infant spontaneous drumming 

with parent body height, rather than with the infant’s own body height, suggests that passive 

vestibular experiences are impactful from 5 months to 3 years of age (Rocha et al., 2021a). 

Corroborating this conclusion, manipulating infant-carrying caregivers’ walking speeds has 

an effect on 10-month-old infants’ spontaneous drumming (Rocha et al., 2021b). Together, 

these studies on spontaneous motor tempo, i.e., the natural rate of rhythmic movement 

(Fraisse, 1982), suggest that the caregivers’ walking pace influences their infants’ 



  
 

spontaneous body movements via the passive rhythmic experience of being carried (Rocha et 

al., 2021a, 2021b). Furthermore, the rhythm at which infants are bounced to a metrically 

ambiguous rhythm influences their preferences. They prefer the rhythm at which they had 

been bounced (Phillips-Silver & Trainor, 2005). 

It seems that movement responses to musical stimuli, like aspects of neural or 

attentional responses, are present from early in life. How these three aspects interconnect 

between each other could give important insights into the underlying processing mechanisms 

and the engagement with musical stimuli. 

1.3.  Section Summary 

ID music and singing are almost universally present, distinct musical forms of ID 

communication, characterised by their special acoustic qualities and behavioural, neural, and 

physiological effects on infants. The acoustic qualities seem to connect to certain behavioural 

and neural outcomes. Infants neurally respond to rhythm and pitch, and develop culture-

specific responses with age. Behavioural responses to musical stimuli include movements and 

attention. 

Examining how music processing and the reaction to musical stimuli interconnect 

between different modalities would broaden our understanding of the importance of ID 

musical communication for infant engagement with musical input and could have 

implications for early cognitive and behavioural outcomes, as well as long-term language and 

social development. To reach a well-founded understanding, it is necessary to investigate 

multimodal reactions to both well-controlled, yet complex, recorded ID musical stimuli and 

live, face-to-face musical interactions. The studies presented in this dissertation attempt to do 

exactly that. The studies presented here focus on 1) the developmental trajectory of the 

connection between neural and sensorimotor processing of controlled ID musical stimuli, 2) 

the interplay between neural responses, rhythmic movement, and language outcomes 

following a live ID singing interaction, and 3) the interplay of different modalities between 

caregivers and infants during live ID singing interactions. 



  
 

2. Studies 

2.1. Study 1. Development of Auditory and Spontaneous Movement Responses to Music 

 Over the First Postnatal Year 

Engaging with music through movement is considered a core feature of musicality 

(Honing et al., 2015; Schachner et al., 2009; Trehub et al., 2015), which is the human 

propensity to perceive, appreciate, and produce music(Honing, 2018; Trehub, 2003). In Study 

1, we investigated the developmental trajectory of two fundamental neurocognitive 

components of musical engagement: the sensory component and the motor component. The 

sensory component comprises the ability to perceive and recognise music (Brown, 2022; 

Trehub, 2003; Trevarthen, 1999). For example, infants can neurally process beat structure, 

pitch deviations, and regularities in tone intervals (Bianco et al., 2025; Edalati et al., 2023; 

Háden et al., 2009, 2024; Háden, Németh, et al., 2015; Stefanics et al., 2009; Winkler et al., 

2009). One way to observe the sensory response to music is to record auditory event-related 

potentials (ERPs), such as the P1, a positive, phase-locked neural response occurring 200-

300ms after an auditory stimulus (Chen et al., 2016; Kushnerenko et al., 2002; Wunderlich et 

al., 2006). Auditory evoked potentials can also be captured via frequency-domain analyses 

(Damsma et al., 2025; Novembre & Iannetti, 2018), such as auditory steady-state responses 

(ASSRs), also known as steady-state evoked potentials (SSEP; e.g., Cirelli et al., 2016; Nave 

et al., 2022).  

The motor component comprises the ability to vocalise, produce percussive actions, 

and move to music in a temporarily aligned way (Brown, 2022; Fitch, 2015; Honing et al., 

2015; Trehub et al., 2015). Infants have been found to respond to music with movements 

from as young as 28-35 gestational weeks. While 5-24-month-olds (Zentner & Eerola, 2010) 

show more spontaneous rhythmic movement to classical and child-directed music than to 

speech, these movements are not beat-synchronised, at least in younger infants (3-4 months 

old; Fujii et al., 2014; Zentner & Eerola, 2010). 

We further sought to answer what could modulate the sensory and motor components 

and decided to investigate the role of pitch. While higher pitch is more prominent in daily ID 

speech and music for infants (Fernald & Simon, 1984; Nakata & Trehub, 2011) and infants 

neurally encode higher pitches better than lower pitches (Marie & Trainor, 2013, 2014), 

adults tend to move more in response to lower pitches (Cameron et al., 2022; Stupacher et al., 

2013, 2016; Van Dyck et al., 2013). Studying the effect of pitch on the neural encoding of 



  
 

music and its impact on movement could shed further light on the development of the sensory 

and motor components of musical engagement. 

To date, the sensory and motor components have been studied separately, often 

without a control condition to test whether infants responded to musical structure or purely to 

acoustic stimuli (i.e., original songs with intact musical structure vs shuffled pitch and rhythm 

sequences), and not across development. Study 1 investigates whether sensory and motor 

reactions to musical stimuli are specific to musical structure by exposing infants to songs 

where musical structure was intact (music condition) or disrupted (shuffled music condition). 

Further, Study 2 investigated whether pitch could play an attenuating or strengthening role 

(high pitch vs low pitch condition), how the sensory and motor components intertwine, and 

how responses to musical stimuli develop over the first postnatal year of life. The concurrent 

investigation of both components across development could shed light on how perception 

translates into action in the context of musical engagement, and how this translation changes 

over development. 

The hypotheses of Study 1 were threefold: 1) Auditory neural responses were 

expected to be stronger in the music condition compared to the shuffled music condition, 

because musical structure, notably absent in the shuffled music condition, is essential in 

drawing attention to predictable events (Kouider et al., 2015; Lense et al., 2022). 2) The 

music condition would elicit more spontaneous rhythmic movements than the shuffled music 

condition, based on previous findings of music eliciting more movement than speech or 

silence in 3-24 month-olds (Fujii et al., 2014; Zentner & Eerola, 2010). 3) Neural responses 

would be enhanced in response to high-pitched music compared to low-pitched music, since 

infants show high voice superiority from 3 months of age (Marie & Trainor, 2013, 2014). 

Seventy-nine infants aged 3 months (n = 26), 6 months (n = 26), and 12-13 months (n 

= 27), and an adult control sample (n = 26) were exposed to prerecorded playsong refrains 

consisting of a melody line and a bass line. Infants listened to four conditions: music, 

shuffled music, high-pitched music, and low-pitched music. The shuffled music condition 

was in the same pitch range as the music condition, but notes were shuffled and inter-note-

onset intervals were randomised to manipulate musical structure. The bass and melody line 

were shuffled independently from each other. The high-pitched and low-pitched music 

conditions followed the same musical structure as the music condition; only the melody line 

was transposed to one octave higher in the high-pitched music condition, and the bass line 



  
 

was transposed to one octave lower in the low-pitched music condition compared to the 

music condition. 

Infant and adult sensory, neural responses were recorded via EEG, from which event-

related potentials (ERP, time-domain analysis) and auditory steady-state responses (ASSR, 

frequency-domain analysis) were extracted. ERPs can show time-locked neural responses to 

tones, specifically the latency and amplitude of the P1, a neural response peaking at 200-

300ms after an auditory stimulus in infants (Chen et al., 2016; Kushnerenko et al., 2002; 

Wunderlich et al., 2006). ASSR were a complementary frequency-domain analysis to explore 

the neural mechanism underlying responses to musical stimuli. Infant spontaneous rhythmic 

movement patterns were estimated via markerless pose estimation from video recordings via 

DeepLabCut (Mathis et al., 2018; Nath et al., 2019) and quantified with principal component 

analysis (PCA) into 10 principal movements (PMs; Bigand et al., 2024) . These PMs were 

compared between conditions for a difference in Quantity of Movement (QoM). Furthermore, 

Granger Causality Analyses shed light on auditory-motor coupling by investigating whether 

changes in intensity of the auditory stimulus influenced spontaneous rhythmic movements. 

To investigate whether changes in music intensity evoked phase-locked movements (i.e., if 

movements were synchronised to the beat), event-related analyses were performed on the 

same data used for the Granger Causality Analyses. 

EEG data showed that infants across all age groups had enhanced auditory responses 

to music compared to shuffled music, both in ERPs and ASSR. The only exception was that 

ASSR to music vs shuffled music were only a trend in 6-month-olds. Cluster-based 

permutation analyses of ERPs showed that this heightened neural response to the music 

condition became more adult-like over development. Specifically, while all infants exhibited 

the enhanced positivity response known as the infantile P1 to music but not to shuffled music, 

only 12-month-olds showed a second positivity, the infantile P2. Furthermore, P1 peaks 

increased in amplitude and decreased in latency with age. Comparing the high- and low-pitch 

music conditions, infants showed a higher infantile P1 response to higher pitch only at 6 

months, and showed no preference between high and low pitch at 3 and 12 months.  

Movement responses were present in all age groups, but only 12-month-olds moved 

more (higher QoM) in response to music compared to shuffled music, primarily driven by an 

increase in upper-body movements. There was no difference in QoM between the high- and 

low-pitch conditions at all ages. As a measure of auditory-movement coupling, Granger 

causality analyses revealed that intensity changes in music were a better predictor of 



  
 

movement velocity than shuffled music at all ages. Additionally, the high-pitch music 

condition predicted movement velocity better than the low-pitch music condition. Rhythmic 

movements were uncoupled to musical structure in all age groups, meaning that movements 

were not synchronised to specific musical events, and movement periodicity was not 

significantly different between music and shuffled music. 

This study demonstrated that enhanced sensory-motor responses to music over 

shuffled music are present as early as 3 months, and they mature with age. Neural responses 

become more adult-like over the first year of postnatal life, both becoming quicker and higher 

in amplitude. These results fit into existing literature postulating that infants are sensitive to 

rhythmic or pitch regularities at various ages in infancy (e.g., Cirelli et al., 2016; Edalati et 

al., 2023; Háden et al., 2009; Stefanics et al., 2009; Trevarthen, 1999), which may be possible 

due to auditory predictive processing (Vuust & Witek, 2014). Two neural response analysis 

approaches – ERPs and ASSR – yielded similar results: enhanced neural responses to music 

compared to shuffled music. This suggests that both these analysis approaches measured 

evoked responses (Capilla et al., 2011; Novembre & Iannetti, 2018). High pitch being easier 

to track only for 6-month-olds could be linked to the detection of socially relevant stimuli. At 

this age, face-to-face interactions peak (Beebe et al., 2016; Feldman, 2007), and since ID 

communication is characterised by high pitch (Hilton et al., 2022; Tsang & Conrad, 2010), 

the observed neural processing advantage of high pitch might reflect infants’ current 

developmental phase of musical and communicative processing (Cooper et al., 1997; 

Newman & Hussain, 2006). 

Music not only elicited specific neural responses, but it also led to movement 

responses at all ages. Movement velocity was better predicted by music compared to shuffled 

music in all age groups, but only 12-month-olds moved more in response to music compared 

to shuffled music. This, together with the result that no age group was able to synchronise 

their movements to musical events like the beat, suggests that movements to auditory stimuli 

are present from a very young age, but the motor system develops with age. A potential 

explanation for the increase in QoM by 12 months could be the infants’ seated position (as 

opposed to lying in a car seat at younger ages) or the increase in postural control typically 

achieved by 9-10 months of age (Hadders-Algra, 2005). The lack of synchronised movements 

aligns with previous literature, which suggests a gradual refinement of motor control from 

individual muscle control to an integration of different muscles that allows coordinated 

movements (Hinnekens et al., 2023). The fact that high-pitched music, rather than low-



  
 

pitched music, led to better auditory-motor coupling is difficult to explain, but one possible 

explanation could be that higher pitch elicited higher arousal, which may have enhanced 

auditory-motor coupling. 

This study demonstrates that both neural and movement responses to musical stimuli 

mature over the first postnatal year of life. The advantage of having multimodal 

measurements allows us to consider both neural and movement results together: While audio-

motor coupling triggered by musical stimuli emerges early in development, neural tracking 

precedes the development of phase-locked motor responses. This suggests that the lack of 

synchronised movement to musical stimuli in the first postnatal year of life is not due to a 

lack of sensitivity to rhythm in the infant brain. 
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2.2. Study 2. Sing to Me, Baby: Infants Show Neural Tracking and Rhythmic  

 Movements to Live and Dynamic Maternal Singing 

Infants prefer ID communication, both in the speech and the singing domain (Cooper 

& Aslin, 1990; Trainor, 1996). On a neural level, infants respond to ID speech with 

coherence between volume fluctuations and neural activity (Attaheri et al., 2024; Menn, 

Michel, et al., 2022). This temporal alignment of an exogenous acoustic signal and 

endogenous neural activity is called neural tracking (Obleser & Kayser, 2019). While infants 

are capable of neurally tracking pure tone musical stimuli (Cirelli et al., 2016), playback 

recordings (Attaheri et al., 2024), and ID speech (Menn, Michel, et al., 2022), it is yet 

unknown whether infants can neurally track the volume fluctuations of live singing. 

Investigating live singing is important because it is experienced differently compared to 

playback stimuli (Trehub, 2017). Live singing performances are more engaging than 

playback recordings (de l’Etoile, 2006), elicit more interpersonal arousal synchronisation 

(Kragness, Eitel, et al., 2023) and give more opportunities for attunement to infant feedback, 

such as by increasing positive caregiver affect (Markova et al., 2020; Trehub et al., 2016). 

Neural tracking of live communication might be supported by body movements. 

While, as found in Study 1 of this dissertation, neural responses precede body movements 

regarding maturity, movement might still support neural tracking because rhythmic 

movements and passive vestibular stimulation guide auditory perception (Phillips-Silver & 

Trainor, 2005, 2007). Especially rhythmic movement coordination to musical stimuli could 

influence behaviour and neural activity in a way that they entrain to each other, that is, lock 

onto a common periodicity (Vuilleumier & Trost, 2015). The influence of body movements 

could expand our perspective on neural tracking of musical stimuli. 

Rhythmic motor abilities are related to language abilities. Rhythmic movement 

teaches infants timing, which is required for speech . Herein lies the connection between 

language acquisition and music via rhythmic movements. On the level of acoustic qualities, 

music exposure during infancy and preschool seems to be beneficial for language acquisition 

(e.g., Iverson, 2010; Iverson et al., 2007; Papadimitriou et al., 2021; Putkinen et al., 2013; 

Zhao & Kuhl, 2016). Especially the musical aspects of language (timbre, rhythm, prosody) 

are thought to support the development of semantic and syntactic understanding and 

production (Brandt et al., 2012). On a neural level, neural tracking of nursery rhymes 

positively correlates with later language outcomes (Attaheri et al., 2024; Menn, Ward, et al., 

2022). Instrumental music and ID speech elicit similar neural activity in newborns (Kotilahti 



  
 

et al., 2010), so spoken language could even be viewed as a form of music from a 

developmental perspective (Brandt et al., 2012). 

This relationship between music processing on a neural level, rhythmic movement 

responses and language development could shed new light on the interplay between these 

three domains. Investigating the neural and movement responses to live ID singing, as well as 

their connection to language development, could have important implications for 

understanding the possibility of using live musical communication to facilitate infants’ 

communicative development. 

Study 2 investigates three effects of live and dynamic ID singing: 1) whether infants 

show neural tracking of live and dynamic ID singing, 2) the association between song type 

and rhythmic movement, and 3) the contributions of neural tracking and rhythmic movement 

to ID singing, respectively, to language development. These questions were addressed in two 

groups of 7-month-old infants and their mothers, who sang eight verses of a well-known 

playsong and lullaby to their infants in a counterbalanced order and semi-naturalistic face-to-

face context. In the first group, neural tracking was measured via EEG (N = 30). These 

infants sat in an infant car seat to reduce movement artefacts. A temporal response function 

(TRF) analysis was applied to the EEG data to determine how much the sound envelope of 

ID singing could predict infant neural activity. Higher encoding accuracy happened when the 

infant’s brain tracked singing more closely, which in turn meant that infant neural activity 

could be better predicted from the sound envelope of maternal ID singing. In the second 

group, rhythmic movement was assessed in infants (N = 40) seated in a highchair to allow for 

less restricted movement. Rhythmic movement was manually coded after Thelen (Thelen, 

1979): at least three repetitions of the same movements with a maximum of one second 

between them. Language outcomes were assessed via expressive vocabulary size in 20-

month-olds of both testing groups (N = 60). The acoustic features pitch (fundamental 

frequency), amplitude (perceived loudness), rhythmicity (pulse clarity), and tempo (bpm) 

were extracted from maternal singing via the MIRtoolbox in Matlab (Lartillot et al., 2008). 

It was hypothesised that infant neural responses (i.e., neural tracking measured via 

TRF) would be more coordinated with the slower, soothing lullabies than with the more 

complex playsongs based on previous findings that neural tracking is enhanced by melodic 

expectations and in response to slower music (Di Liberto et al., 2020; Weineck et al., 2022). 

Furthermore, infants were expected to move more rhythmically to playsongs than to lullabies 

due to playsongs’ higher expected rhythmic complexity, which has been reported to increase 



  
 

movement and the inclination to move in children and adults (Cameron et al., 2023; 

Kragness, Anderson, et al., 2023). Additionally, it was hypothesised that better neural 

tracking and more rhythmic movements at 7 months would predict a larger vocabulary size at 

20 months of age because neural tracking of nursery rhymes has previously been shown to be 

positively correlated to later language outcomes (Attaheri et al., 2024; Menn, Ward, et al., 

2022). 

The present study showed that infants 1) were able to neurally track music, and that 

lullabies were easier to track than playsongs, 2) that infants rhythmically moved more to 

playsongs than to lullabies, and 3) that vocabulary size positively correlated with better 

neural tracking and more rhythmic movement in playsongs alone. Some acoustic parameters 

influenced neural tracking. Neural tracking was enhanced with less tempo variation. 

Furthermore, playsongs were easier to neurally track with lower perceived loudness and 

loudness variation, and higher pulse clarity. Lullabies were more accurate to neurally track 

with a slower tempo and lower pitch variability. 

This study highlights the multivariate effects of live and dynamic ID singing on infant 

neural activity and behaviour, and its relation to language acquisition. The results show that 

infants can neurally track live ID musical communication beyond pure tones (Cirelli et al., 

2016), playback recordings (Attaheri et al., 2024), and ID speech (Menn, Michel, et al., 

2022), which could be connected to attentional processes. The slower, more regular 

rhythmicity and higher tempo and pitch predictability of lullabies might help neural tracking. 

Similarly, mothers might have counterbalanced the complexity of playsongs by highlighting 

their rhythmic structure (Zentner & Eerola, 2010) and lowering loudness (Calignano et al., 

2021). Playsongs’ higher rhythmic variability, on the other hand, might elicit more rhythmic 

movement and help language learning by highlighting prosodic information (Hannon & 

Johnson, 2005). These findings corroborate the assumption that ID singing has inherent 

acoustic characteristics that help infants coordinate to interactive rhythms (Markova et al., 

2019, 2020), and that certain acoustic features in ID musical communication might be linked 

to certain caregiving goals (Cirelli et al., 2020; Rock et al., 1999; Trainor, 1996). 

Nguyen, T., Reisner, S., Lueger, A., Wass, S. V., Hoehl, S., & Markova, G. (2023). Sing to 

me, baby: Infants show neural tracking and rhythmic movements to live and dynamic 

maternal singing. Developmental Cognitive Neuroscience, 64, 101313. 

https://doi.org/10.1016/j.dcn.2023.101313 



  
 

2.3. Study 3. The Reciprocal Relationship between Maternal Infant-directed Singing 

 and Infant Gaze 

Previous literature has investigated the acoustic qualities of ID singing and infant 

reactions to ID singing separately. However, ID singing is not a one-way performance, but an 

interactive form of communication, so caregivers and infants likely adjust to each other 

during ID singing interactions on multiple modalities and potentially across modalities. Such 

adjustments may even be needed to reach song function. During an ID singing performance, 

the caregiver’s primary modality is the acoustic domain. As described in Section 1.2.2, 

previous studies have shown that infants are sensitive to rhythm and pitch changes in musical 

stimuli. Caregivers choose different types of ID songs with distinct acoustic qualities to 

achieve different functions: Playsongs to engage infants and direct their attention, and 

lullabies to soothe infants and divert their attention (Cirelli et al., 2020; Rock et al., 1999; 

Trehub, 2018; Trehub & Trainor, 1998). Furthermore, caregivers seem to adjust the acoustic 

variability to their communicative intent, at least in ID speech. Caregivers of premature 

newborns speak less acoustically variable to awake infants, and more acoustically variable to 

asleep infants (Saliba et al., 2020). This has been interpreted as minimising stimulation for 

awake infants with less acoustic variability, and engaging sleeping infants with more 

acoustically variable speech. Caregivers seem to adjust the acoustic qualities of their 

communication to their goals (Nguyen et al., 2023), and it stands to reason that they should 

be sensitive to the efficacy of their performance. Preverbal infants cannot use words to 

communicate their needs, but visual attention is a clear communication tool that caregivers 

can register and respond to. However, no study to date has investigated how a change in 

acoustic variability modulates infant attention specifically in an ID singing context, and how 

this attention, in turn, affects acoustic variability in caregiver ID singing. 

Study 3 expands Study 2 of this dissertation by testing whether infants are sensitive to 

acoustic variability in caregiver ID singing, whether caregivers respond to infant attention by 

adjusting the acoustic variability of their singing to fit the song function, and whether those 

changes co-occur. Seventy-four mothers sang eight verses of a well-known playsong and a 

lullaby to their 7-month-old infants. The acoustic variability of maternal singing was 

measured via spectral flux, an acoustic variable describing amplitude changes in the 

frequencies comprising a spectrum (Müller, 2015) and measuring acoustic novelty (Müller & 

Chiu, 2024). Infant attention was measured via social gaze towards the mother’s face for 

longer than one second. 



  
 

It was hypothesised that maternal singing would show increased acoustic variability 

(i.e., spectral flux) around times of infant visual attention (i.e., social gaze), either to attract 

infant attention or as a response to it. Furthermore, it was hypothesised that playsongs would 

contain higher spectral flux and elicit more social gaze than lullabies because of the attention-

attracting nature of playsongs (Cirelli et al., 2020). 

The frequency and duration (absolute and relative to song length) of infant gaze 

towards the mother’s face (henceforth referred to as infant social gaze) were manually coded. 

The following acoustic qualities of maternal singing were analysed with custom scripts: 

spectral flux, amplitude envelope, and pitch via F0 extraction with the Python packages 

numpy and parselmouth (Harris et al., 2020; Jadoul et al., 2018; Python Software Foundation, 

2023), and tempo via bpm with the MIRtoolbox in Matlab (Lartillot et al., 2008). First, 

overall condition differences of infant social gaze and maternal acoustic qualities were tested 

to see if mothers and infants differentiated between playsongs and lullabies. Furthermore, the 

correlation and temporal relation between infant social gaze and mean spectral flux was 

tested between playsongs and lullabies. 

Spectral flux was calculated as the sum over frequency (from 0 to 3000 Hz) of the 

absolute difference in amplitude between consecutive spectra at a temporal resolution of 10 

ms. Singing and speech contain most energy in the chosen frequency band (Lindblom & 

Sundberg, 2007). To assess the changes in acoustic variability around infant social gaze 

onset, spectral flux around those moments was compared to surrogate spectral flux at random 

moments without infant social gaze (N = 1000 per ID and condition) in a permutation 

analysis (Nperm = 1000, p-values below the 5th/2 percentile). The p-values were Bonferroni 

corrected to the 5th/2 percentile because of the two singing conditions. Supplementary 

permutation analyses were conducted for amplitude envelope, pitch (F0), and spectral flux 

around infant social gaze offset.  

This study revealed two main results. First, infants showed more social gaze towards 

their mothers during playsongs than during lullabies, and mothers sang playsongs more 

acoustically variable (i.e., with higher spectral flux) than lullabies. Second, changes in 

maternal spectral flux were present both before and after infant social gaze in both song 

types. However, spectral flux peaks were especially pronounced as a response to infant social 

gaze in playsongs. Further manipulation checks showed that mothers sang playsongs longer, 

faster, louder, and with higher spectral flux than lullabies, though there was no pitch 



  
 

difference between conditions. Mean spectral flux also positively correlated with the absolute 

duration of infant social gaze. 

The results of Study 3 suggest that mothers and infants reciprocally adjust to each 

other during an ID singing interaction, and that this adjustment is influenced by song type. By 

increasing their spectral flux during playsongs, mothers may have tried to elicit and maintain 

infant attention, which was reflected in the especially pronounced spectral flux increases after 

infant social gaze onset, and met with longer and more frequent infant social gaze. These 

results are consistent with research on the attention-getting nature of playsongs (Cirelli et al., 

2020; Rock et al., 1999). Furthermore, playsongs’ acoustic variability could have induced 

uncertainty, which might have been attention-eliciting in itself (Kidd et al., 2014; Poli et al., 

2020). Mothers could have sung lullabies more predictably to fulfil their soothing function 

(Nguyen et al., 2023; Schwartz, 2004), consistent with research showing that infants shift 

their focus inwards during lullabies (Rock et al., 1999). Its live interactional setting is an 

important aspect of this study, since social presence elicits more pronounced responses 

(Kragness, Eitel, et al., 2023; Rochat, 2001) and could induce a feedback loop between an 

actively participating infant (Beebe et al., 2016) and a contingently responding mother, 

enhancing the communicative and regulatory effects of ID singing. 
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3. General Discussion 

The present thesis aims to provide evidence on how infants process and react to 

infant-directed music and live singing across multiple ages in the first postnatal year of life 

across multiple modalities (neural, movement, and attentional responses, and language 

outcomes), and on how caregivers and infants engage in the context of ID singing. Across 

three studies, I demonstrate that infants are sensitive to musical stimuli, including live ID 

singing, from early on, how they neurally process and behaviourally react to musical stimuli, 

how these responses are influenced by acoustic properties of the musical input and how they 

mature over the first postnatal year of life, and that live ID singing creates opportunities to 

interact across modalities. 

Study 1 is, to date, the only study to link neural and motor processing of musical 

stimuli in infants. It demonstrated that 3-, 6-, and 12-month-old infants are neurally sensitive 

to musical structure, that neural and movement responses become more adult-like and 

sophisticated over the first year of postnatal life, though no movement synchronisation was 

found. High pitch was neurally processed better than low pitch only by 6-month-olds, but 

elicited more auditory-movement coupling in 12-month-olds. 

Study 2 was the first study to investigate neural tracking of live ID singing and link 

rhythmic movement responses to it in 7-month-olds. It demonstrated neural tracking of live 

singing, with better neural tracking of lullabies, more rhythmic movement responses to 

playsongs, and positive correlations between vocabulary size at 20 months to neural tracking 

of playsongs and rhythmic movement to playsongs at 7 months, respectively. 

Study 3 demonstrated how infants and caregivers interact on multiple modalities 

during live ID singing. It showed that infant attention elicited maternal variability in ID 

singing especially in playsongs, not in lullabies, and that infants paid more attention to 

playsongs than to lullabies. 

3.1. Expansion of Existing Literature on ID Songs 

The studies compiled in this dissertation contribute to and expand the existing 

literature on ID music and singing, using diverse investigation approaches (neural: ERPs, 

mTRF; movement: markerless motion tracking, manual microcoding; time-series analysis of 

interactions; questionnaires) across different modalities (neural responses, movement, 

acoustic qualities, attention, language outcomes), and across passive playback listening and 

active live interactions. 



  
 

3.1.1. Neural Responses to ID Songs: Sensitivity to Musical Structure, Influence of 

Acoustic Qualities, Maturation of Responses over Time 

Studies 1 and 2 demonstrated that 1) infants are sensitive to musical structure (i.e., 

original vs shuffled songs), 2) infants can neurally track live singing, 3) the acoustic qualities 

of ID songs impact how well infants can neurally process them, and 4) neural responses to 

musical stimuli mature over the first postnatal year of life. 

Study 1 showed that, indeed, musical structure is important, not purely the individual 

tones making up a song: Infants as young as 3 months show distinct ERPs to playsong-style 

musical stimuli and have stronger responses to musical notes that are part of an intact musical 

structure compared to scrambled notes. Study 2 expanded these results by showing that 

infants are able to neurally track live singing beyond pure tones (Cirelli et al., 2016), 

playback recordings (Attaheri et al., 2024), and ID speech (Menn, Michel, et al., 2022). 

Interestingly, pitch influenced neural processing only in 6-month-olds: Higher pitch 

elicited stronger ERPs than lower pitch in Study 1. This high pitch superiority (Marie & 

Trainor, 2013, 2014) disappeared again by 12 months of age, and furthermore could not be 

demonstrated in Study 2, where playsongs and lullabies lacked pitch differences, potentially 

because they were sung in close succession. However, lullabies were still easier to neurally 

track than playsongs for 7-month-olds. Hence, other acoustic qualities besides pitch impacted 

neural processing: 

Decreased loudness, lower volume fluctuations, and higher rhythmicity enhanced 

neural tracking accuracy only in playsongs, while slower tempo and lower pitch variability 

enhanced it only in lullabies. These results lead to the conclusion that, depending on the song 

type (playsong vs lullaby), a combination of different acoustic qualities aids neural 

processing of musical stimuli. Caregivers could even intuitively adjust how they present their 

songs. This idea is corroborated by Study 3, which demonstrated that caregivers adjust their 

acoustic variability in ID singing depending on whether they sing a playsong or a lullaby. 

This difference in acoustic variability also affected infant attention, which will be discussed 

in Section 3.1.4. 

The idea that caregivers adjust the acoustic qualities of their singing performance to 

fit the purpose of what they want to convey also fits into an active learning framework, 

wherein caregivers present information to their child in an age-appropriate manner, balancing 

repetition and complexity, with information complexity increasing with age (Tal et al., 2024). 

While lexical information complexity was fairly fixed in our paradigm (Studies 2 and 3), 



  
 

since the choice of song was predefined, mothers were still free to choose how to perform 

each of those songs  – they may have counterbalanced their lack of lexical freedom by 

varying their performance of the playsong and the lullaby in the musical domain. Further 

underlining the potential of this active learning framework, infants’ vocal (Elmlinger et al., 

2019, 2023) and attentional signals (Study 3) have been shown to influence how adults 

communicate with them, indicating the active role that infants play in modulating adults’ 

acoustic signals. 

3.1.2. Rhythmic Movement Extraction 

Studies 1 and 2 both used rhythmic movement as an outcome measure to ID songs, 

but different analysis approaches were used. While Study 2 applied a comparably more 

coarse manual coding scheme (Thelen, 1979), Study 1 utilised a novel method to extract not 

only the Quantity of Movement (comparable to the manual coding in Study 2), but also 

precise movement patterns (Principal Movements; Bigand et al., 2024) and movement-beat 

synchronisation. This was the first time such an elaborate movement analysis had been 

performed on infant data. The methods of both Studies 1 and 2 provided a similar birds-eye 

view of infant movements: Infants rhythmically move to musical stimuli. However, when we 

zoom in on the results, the picture becomes more differentiated: At 7 months of age, infants 

move more to playsongs than to lullabies (Study 2), but only by 12 months do they move 

more to musical structure compared to scrambled sounds (Study 1).  There are several 

possible explanations for this: 1) Infants could be sensitive to subtle differences in the 

acoustic qualities of songs before they are as sensitive to the presence or absence of musical 

structure. 2) The live ID singing context differs from a playback experiment in terms of infant 

behavioural outcomes. Live singing performances are phenomenologically different from and 

more engaging than playback recordings (de l’Etoile, 2006; Trehub, 2017). The presence of 

additional modalities displayed by mothers (e.g., facial expressions, eye contact, affect, body 

sway, etc.) could have made the difference in eliciting infant rhythmic movement responses 

between playsongs and lullabies. Those modalities were all absent in the recorded stimuli of 

Study 1. 3) Song familiarity in Study 2 encouraged more movement in comparison to the 

unfamiliar songs of Study 1, and therefore, more nuanced movement responses were possible 

in Study 2 depending on the song type. Song familiarity has a variety of documented effects, 

including eliciting positive emotions, movements, and attentive listening in infants (Dou & 

Cirelli, 2025), being preferred by infants (Kragness, Ullah, et al., 2022), more effectively 

reducing infant distress (Cirelli & Trehub, 2020), and increased proximity-seeking to and 



  
 

prosociality towards the singer (Cirelli & Trehub, 2018). 5) Playsongs’ activating effects 

have been well documented (Cirelli et al., 2020; Rock et al., 1999; Trainor, 1996; Trainor et 

al., 1997). Therefore, it is not surprising that we found higher rhythmic movements to 

playsongs compared to lullabies in Study 2. Study 1 also utilised playsongs, and the 

scrambled condition may still have been more similar to playsongs than to the more calming 

lullabies. It is also important to note that, while both Studies 1 and 2 examined the Quantity 

of Movement, the level of fine-grained analysis differed between the two studies: Study 1’s 

sophisticated automated analysis could have been much more thorough than Study 2’s 

manual coding. 

Examining the influence of pitch on infant movement responses, the results of Studies 

1 and 2 present an equally complex picture: Pitch differences did not influence the amount of 

movement (Studies 1 and 2), but did influence movement velocity, with high-pitched music 

eliciting higher movement velocity compared to low-pitched music (Study 1). Infants did, 

however, move more in response to playsongs than to lullabies, despite no examined acoustic 

feature (i.e., pitch, tempo, perceived loudness, perceived rhythm) correlating with this result 

(Study 2). It seems that rather than low pitch being the single driver for increased infant 

movements, like it is in adults (Cameron et al., 2022; Stupacher et al., 2013, 2016; Van Dyck 

et al., 2013), other factors could make playsongs the superior choice for eliciting more infant 

movement: Maybe it is a combination of acoustic features, or infants’ previous association of 

playsongs with playful, engaging situations that trigger increased movement. When and how 

the adult preference for low pitches develops remains to be discovered. 

The finding in Study 1 that infants showed greater movement velocity to high-pitched 

compared to low-pitched music from 3 to 12 months of age adds another layer of complexity: 

As mentioned above in Section 2.1, it remains challenging to explain these results. One 

possibility is that infants’ neural high voice superiority (Marie & Trainor, 2013, 2014) also 

manifests in the behavioural domain across a wider developmental window: A predisposition 

to better neurally process higher pitches could have led infants to show higher movement 

velocity in response to those higher pitches. This would, however, only explain movement 

responses at a time when high pitches elicit enhanced neural responses at around 6 months of 

age.  

 



  
 

3.1.3. Language Outcomes 

Only Study 2 investigated the correlation between live ID singing and infant language 

outcomes, finding a positive correlation between neural and movement responses to 

playsongs at 7 months and vocabulary size at 20 months. While the positive correlation 

between music exposure and language outcomes has been shown before (Boyne et al., 2025; 

Franco et al., 2022; Papadimitriou et al., 2021), Study 2 was the first to show a correlation 

with song-specific neural processing and movement responses. The level of neural and 

movement engagement with musical stimuli may be directly related to infants’ engagement 

with language: Neural tracking might be connected to the extraction of prosody, which 

supports word segmentation (Menn, Michel, et al., 2022) and is especially pronounced in ID 

singing (Nakata & Trehub, 2011; Suppanen et al., 2019; Trainor et al., 1997). 

It is important to note that these results do not imply causality. Infants who already 

have a better affinity for perceiving rhythmic structures may have an advantage in language 

learning. However, conclusions on whether these individual differences persist beyond the 

early toddler years cannot be drawn from the current evidence. Studies on clinical NICU 

populations do not support this idea, though: While singing is recommended to support 

preterm-born infants’ development of auditory processing by term-age (Kostilainen et al., 

2021), music therapy during the neonatal period does not seem to have a long-term effect on 

language outcomes at 2-3 years of age (Kostilainen et al., 2023). 

3.1.4. Attentional Responses and Interactional Effects 

Study 3 expanded on existing literature on infant attentional effects of ID songs by 

providing a nuanced attentional and interactional perspective. While previous studies had 

already shown that playsongs seem to have an attention-grabbing effect, and lullabies seem to 

be more attention-diffusing (Cirelli et al., 2020; Rock et al., 1999; Trehub, 2018; Trehub & 

Trainor, 1998), Study 3 of this dissertation expands current knowledge with the interactional 

responses following infant attention. Not only do infants pay attention differently to 

playsongs and lullabies, but caregivers also contingently react to this attention depending on 

song type – keeping a stable performance in lullabies, while introducing more acoustic 

variability in playsongs, which results in a more unpredictable and engaging interaction. This 

fits previous literature of how playsongs prompt infants to shift their attention more outward 

(Rock et al., 1999) and connects back to the increased movement responses to playsongs in 

Study 2: Maybe acoustic variability was a driver of the greater rhythmic movement responses 

to playsongs?  



  
 

3.2. In context 

3.2.1. Maturation of Infant Responses: Neural Responses were Observable before 

Movement Responses, Timeline of Attentional Development Still Unclear 

Whether movements supported neural processing of ID songs is difficult to say. In 

Study 2, we postulated that due to playsongs eliciting both stronger neural and movement 

responses, movements may have aided neural processing. However, Study 1 showed that 

neural responses preceded sophisticated motor responses, which could be linked to the 

maturation of the motor system (for a review, see Adolph & Franchak, 2017). The first year 

of postnatal life seems to be a suitable time period to observe the maturation of neural and 

simple motor responses to musical stimuli, but it apparently only captures the beginnings of 

complex motor response maturation. 

While movement in response to music has been observed even in the fetal stage 

(Kisilevsky et al., 2004) and some abilities like tempo flexibility are present from as early as 

5 months of age (Zentner & Eerola, 2010), it is important to note that previous studies did not 

control for whether infants moved in response to music specifically or to auditory input in 

general. As the results of Studies 1 and 2 suggest, a preference for musical structure and 

distinguished responses to different song types may develop within the first postnatal year of 

life. Rather than movements aiding neural processing, neural responses appear to be a 

prerequisite for movement responses.  

Attentional responses to ID songs are likely present from the neonatal period (Epstein 

et al., 2025; Palazzi et al., 2021), but given current evidence, we cannot say from which time 

point onward we can observe distinctions in infant attention between playsongs and lullabies. 

Culture and song familiarity could play a major role here. Since mothers in Study 3 sang 

familiar ID songs, which infants are known to respond to more strongly than to unfamiliar 

ones (Kragness, Johnson, et al., 2022; Mehr et al., 2016), it is likely that infants may learn the 

purposes of familiar playsongs and lullabies and have already learned to respond accordingly 

earlier than at 7 months of age. 

3.2.2. Engagement with Both Recorded and Live Stimuli  

Infant engagement with both recorded and live musical stimuli was shown across the 

three studies of this dissertation. This validates the use of recorded stimuli for studies on 

musical engagement and shows that recorded and live stimuli have distinct applications in 

research: recorded stimuli can provide insight into which acoustic qualities drive specific 



  
 

infant responses. Live interactions need to be studied as multimodal activities: Infants might 

engage more readily in live, dynamic interactions, especially when caregivers may intuitively 

adjust their singing to subtle displays of infant behaviour. Our results suggest that infant 

engagement is related to caregiving goals. While live singing, as well as infant responses to 

it, differed between song types even in a lab setting (Studies 2 and 3), in the future, the 

multimodality of such interactions needs to be studied in an even more ecologically valid way 

in infants’ everyday lives, to further draw conclusion on how the different modalities of ID 

singing interactions, infant engagement, caregiving goals, and developmental outcomes 

intertwine. 

3.3. Limitations and Open Questions 

The studies in this thesis have limitations. While Study 1 is arguably the least 

naturalistic of the three studies, it is the most controlled. The recorded songs allowed for fine-

grained, well-controlled stimulus manipulation, but were not as richly multimodal as the live 

songs in Studies 2 and 3. The distinction of ID singing into lullabies and playsongs in Studies 

2 and 3 was based on previous literature making those clear distinctions (e.g., Trehub & 

Trainor, 1998). While those two categories are well established in research on ID songs, they 

might not strictly reflect what infants actually listen to in daily life. A first comprehensive 

study of the musical soundscape of U.S. American infants found that a third of daily music 

exposure consisted of exclusively recorded stimuli, and a quarter was sung live (Mendoza & 

Fausey, 2021). Recorded stimuli might fit a clearer distinction into playsongs and lullabies 

than live-sung songs, especially when the latter are improvised. Future research is needed on 

the validity of the lullaby-playsong dichotomy. In collaboration with Prof. Stefanie Höhl and 

Dr Gabriela Markova, I am working on data collected in the home environment with 

wearable devices to map out the home ID singing environment. This project also includes 

fathers and therefore aims to close the knowledge gap of current research regarding father ID 

singing. Currently, very few studies have included fathers as participants in ID singing 

studies (but see Trehub et al., 1997). It would be insightful to better understand the roles of 

all active caregivers. 

Another open question regarding ID singing is its physiological effect. Current 

empirical research is sparse and yields conflicting results: While playsongs and lullabies are 

often said to be arousing and calming, respectively, current research either cannot corroborate 

those claims or highlights the importance of the infant's initial state. One study showed that 

caregivers of upset infants tend to calm them with playsongs (Cirelli & Trehub, 2020), while 



  
 

another study shows that calm infants show a decrease in physiological arousal in response to 

lullabies, while playsongs have no effect (Cirelli et al., 2020). To add to this sparse literature 

on the physiological effects of ID singing, I am working on a project expanding on the data 

analysis from Studies 2 and 3 to determine the physiological effects of live playsongs and 

lullabies on calm infants.  

Furthermore, it would be interesting to investigate how infants and caregivers make 

music together. While infants do not have the musical skills to participate in musical 

interactions as actively as adults do, Study 3 showed that they do so through their attentional 

behaviour, similar to what they do in other social contexts (for a review, see Begus & 

Southgate, 2018). One could investigate the influence of other infant behavioural modalities, 

such as body movements, clapping, vocalisations, or affect, to get a more complete picture of 

how infants influence their caregivers during musical interactions. 

Lastly, the long-term developmental outcomes of ID singing have often only been 

implied, correlated, or studied through questionnaires. Study 2 of this dissertation, for 

example, has shown a positive correlation between vocabulary size (via questionnaire data) 

and neural and movement responses to playsongs. This is a first step in investigating the 

mechanisms that could drive the impact of ID singing on later language development. 

However, whether and how caregivers could improve their infants’ neurobehavioural 

processing of music and boost their language learning by singing to them more often, or 

whether the acoustic qualities matter, is still to be determined. Initial evidence from preterm-

born infants has found a positive short-term effect of ID singing on infants’ language learning 

by term age (Kostilainen et al., 2021), which disappeared by 2-3 years of age (Kostilainen et 

al., 2023). However, music interventions in 4- to 6-year-old children have been found to 

affect language skills at the word and phoneme levels (Patscheke et al., 2016). There may be 

specific time windows in development in which music exposure could boost language 

learning in the short term. The results of Study 2 suggest that the developmental period of 

high voice superiority warrants further investigation into whether music exposure aids 

language learning. 

It is furthermore possible that any positive effects of ID singing on language outcomes 

are supported by the social interaction itself and by caregiver responsiveness (for a review, 

see Smith & Kong, 2025). Whether musical interactions furthermore support caregiver-infant 

bonding remains to be systematically investigated.



  
 

4. Conclusion 

In this thesis, I have presented three studies on how infants perceive and react to 

musical stimuli, both in recorded form and in live interactions, and on how infants and 

caregivers engage with each other across multiple modalities during live interactions. I have 

presented evidence that the neural sensitivity and behavioural responses to musical stimuli 

are modified by the musical structure and acoustic qualities of the musical input, that those 

perceptions and actions mature over the first postnatal year of life, and that live caregiver 

singing is interactional across modalities. Taken together, these studies highlight the 

importance of investigating the impact of infant-directed songs across multiple modalities in 

controlled, yet complex passive listening and face-to-face interactive paradigms. 
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6. Annex 

6.1.  English Abstract 

Infant-directed (ID) songs are widely used to meet various caregiving needs, such as 

entertainment, soothing, and capturing and holding attention. Infants are attentive to ID 

songs, neurally respond to musical elements like rhythm and pitch, and move in response to 

recorded musical stimuli. To examine whether ID songs have the effects intended by 

caregivers, infants’ musical engagement with different acoustic features and musical 

structures needs to be investigated on multiple modalities, both in controlled playback 

experiments and live interactions. 

The studies in this dissertation aim to elucidate which acoustic qualities in ID songs 

elicit strong neural, motor, and attentional responses, and how infants and caregivers engage 

musically across modalities. The first study investigates how infants neurally process and 

exhibit movement responses to controlled ID musical stimuli at 3, 6, and 12 months of age, 

and whether musical structure and pitch influence these responses. It underlines the 

importance of musical structure for neural processing of ID songs. It further shows that 

neural processing can be observed earlier in development than rhythmic movement 

responses, that only 6-month-olds neurally process high pitch better than low pitch, and that 

infants are unable to synchronise to a musical beat in their first year of life. The second and 

third studies examine live maternal singing of playsongs and lullabies to 7-month-old infants. 

The second study demonstrates better neural tracking of lullabies, more rhythmic movement 

to playsongs, and positive correlations between vocabulary size at 20 months to neural 

tracking and rhythmic movement to playsongs at 7 months. The third study highlights how 

infant attention and maternal acoustic variability in ID singing create a multimodal 

interaction dependent on song type. Playsongs elicit more infant attention than lullabies, and 

mothers react to infant attention with acoustic variability in playsongs, not lullabies. 

Together, the three studies provide valuable insights into the neural processing, 

behavioural reactions to, and multimodal interactional nature of ID songs, as well as long-

term language outcomes. Given the ubiquity of ID songs in caregiving, these results lay an 

important building block of our understanding of how infants perceive and interact with ID 

songs, with possible developmental implications. 



  
 

6.2.  Deutsche Zusammenfassung 

Säuglings- und kindgerichtete Lieder werden für diverse Zwecke im Rahmen der 

Kinderbetreuung genutzt, beispielsweise zur Unterhaltung, zum Beruhigen oder um 

Aufmerksamkeit zu erregen und zu erhalten. Säuglinge schenken kindgerichteten Liedern 

Aufmerksamkeit, verarbeiten musikalische Elemente wie Rhythmus und Tonhöhe neuronal, 

und bewegen sich zu wiedergegebenen musikalischen Stimuli. Um zu untersuchen, ob 

kindgerichtete Lieder die von Bezugspersonen intendierten Effekte auf Säuglinge haben, ist 

es notwendig, die musikalische Auseinandersetzung von Säuglingen mit verschiedenen 

akustischen Merkmalen und musikalischen Strukturen auf mehreren Modalitäten zu 

untersuchen, sowohl in kontrollierten Playbackexperimenten als auch in Live-Interaktionen. 

Die Studien dieser Dissertation versuchen darüber aufzuklären, welche akustischen 

Merkmale in kindgerichteten Liedern starke neuronale, motorische, und 

Aufmerksamkeitsreaktionen hervorrufen. Die erste Studie untersucht, wie 3, 6 und 12 Monate 

alte Säuglinge kontrollierte, kindgerichtete Musikstimuli neuronal und motorisch verarbeiten, 

und ob musikalische Struktur und Tonhöhe diese Prozesse beeinflussen. Diese Studie 

unterstreicht die Bedeutung musikalischer Struktur für die neuronale Verarbeitung 

kindgerichteter Lieder. Des Weiteren zeigt sie, dass die neuronale Verarbeitung 

musikalischer Stimuli in der Entwicklung früher beobachtet werden kann als rhythmische 

Bewegung als Reaktion auf ebendiese musikalischen Stimuli. Sie zeigt auch, dass nur im 

Alter von sechs Monaten höhere Tonhöhen besser neuronal verarbeitet werden als tiefere 

Tonhöhen, und dass Säuglinge in ihrem ersten Lebensjahr nicht mit Taktschlägen 

synchronisieren können. Die zweite und dritte Studie untersuchen mütterlichen Live-Gesang 

von Spielliedern und Schlafliedern zu sieben Monate alten Säuglingen. Die zweite Studie 

zeigt, dass Schlaflieder besser neuronal getrackt werden und Spiellieder mehr rhythmische 

Bewegung auslösen, und dass es positive Korrelationen zwischen der Größe des 

Wortschatzes im Alter von zwanzig Monaten und dem neuronalen Tracking sowie 

rhythmischen Bewegungen zu Spielliedern im Alter von sieben Monaten gibt. Die dritte 

Studie beschreibt, wie die Aufmerksamkeit von Säuglingen und die Variabilität im Singen 

von Müttern eine multimodale Interaktion abhängig vom Liedtyp kreieren. Spiellieder lösen 

mehr Aufmerksamkeit aus als Schlaflieder und Mütter reagieren auf Aufmerksamkeit der 

Säuglinge in Spielliedern, nicht in Schlafliedern. 

Gemeinsam bieten diese drei Studien wertvolle Einblicke in die neuronale 

Verarbeitung, Verhaltensreaktionen, und multimodale, interaktive Natur kindgerichteter 



  
 

Lieder, sowie Langzeitfolgen im sprachlichen Bereich. Angesichts der Allgegenwärtigkeit 

kindgerichteter Lieder im Betreuungskontext bilden diese Ergebnisse einen wichtigen 

Baustein im Verständnis davon, wie Säuglinge kindgerichtete Lieder wahrnehmen und mit 

ihnen interagieren, und zeigen mögliche Implikationen für die Entwicklung auf. 
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Abstract 
Humans across cultures not only share the ability to recognise music but also respond to it 

through movement. While the sensory encoding of music is well-studied, when and how 

infants naturally start moving to music is largely unexplored. This study simultaneously 

investigates infants’ neural (auditory) responses and spontaneous movements to music during 

the first postnatal year. Neural activity (EEG) and body kinematics (markerless pose 

estimation) were recorded from 79 infants (aged 3, 6, and 12 months) listening to refrains of 

children’s music, along with shuffled, high-pitched, and low-pitched versions of the same 

songs. Neural data revealed that, across all ages, infants exhibit enhanced auditory responses 

to music compared to shuffled music, indicating that auditory encoding of music emerges 

early in development. Movement data revealed a different outcome. While coarse auditory-

motor coupling is present at all ages, more complex structured movement patterns emerge in 

response to music only by 12 months. Notably, no age group demonstrated evidence of 

coordinated movements to music. Additionally, enhanced auditory responses to high vs low 

pitch were only evident at 6 months, while infants’ movements were better predicted by high-

pitched compared to low-pitched music at all ages. This study provides initial insights into 

how the developing brain gradually transforms music into spontaneous movements of 

increasing complexity. 

 

Keywords: Music, EEG, movement, development, infancy, pitch 

 

 

 

 

 

 

  



   
 

   
 

 Introduction 
Musicality – the biological predisposition to perceive, appreciate, and produce music 

(Honing, 2018; Trehub, 2003) – is increasingly recognised as a fundamental aspect of human 

nature. Numerous accounts suggest that engaging with music through movement is at the 

core of musicality (Honing et al., 2015; Schachner et al., 2009; Trehub et al., 2015). 

Functionally, such engagement can be broken down into two fundamental components of 

neurocognitive development: the ability to perceive and recognise music (sensory 

component), and the ability to produce movement responses that are temporally aligned with 

the musical structure, from coordinated vocalizations and percussive actions up to complex 

dance moves (motor component; Brown, 2022; Trehub, 2003a; Trevarthen, 1999). Despite 

this inherent predisposition toward music, the developmental trajectory of infants’ musicality 

remains largely unknown (see Nguyen et al., 2023, for a review). While there is increasing 

research on infant music perception, including controlled manipulations of select musical 

features, we know less about the translation of perception into action, namely the ontogenesis 

of infants’ spontaneous movements to music (see Fujii et al., 2014; Nguyen, Reisner, et al., 

2023; Zentner & Eerola, 2010). Furthermore, making our understanding of music-driven 

motor engagement even more incomplete, no studies to date have looked at both brain 

activity and spontaneous body movements simultaneously, especially during the first year of 

life. Accordingly, how the processing of music and its features is transformed into organised 

motor responses remains underexplored.  

The sensory component of musicality, namely music perception, can be measured 

using electroencephalography (EEG), specifically by recording cortical auditory evoked 

potentials (event-related potentials [ERP]). One of these responses is the infantile P1, a 

phase-locked EEG positivity peaking around 200-300 ms after an auditory stimulus (Chen et 

al., 2016; Kushnerenko et al., 2002; Wunderlich et al., 2006). The infantile P1 has been 

observed in response to both musical notes and speech segments. Auditory evoked potentials, 

when elicited isochronously, can also be captured using frequency domain analyses (Damsma 

et al., 2024; Novembre & Iannetti, 2018) such as auditory steady-state responses (ASSR), 

which are also called steady-state evoked potentials (SSEP, e.g., Cirelli et al., 2016; Nave et 

al., 2022). These neural responses can provide insight into the developing auditory system 

and its ability to encode musical structure. Using these neurophysiological measures, prior 

research has shown that newborns and infants are sensitive to beat structure, pitch deviants 

and tone interval regularities (Bianco et al., 2025; Edalati et al., 2023; Háden et al., 2009, 

2015, 2022; Stefanics et al., 2009; Winkler et al., 2009). Despite these promising results, the 



   
 

   
 

neurophysiology of early music processing – particularly its developmental trajectory – 

remains not fully understood. Here, our primary goal is to investigate infants’ neural 

encoding of music utilizing both ERP and ASSR approaches to characterize how such neural 

responses change across the first year of life.  

Another component of musicality is the capacity to move to music (motor component; 

Brown, 2022; Fitch, 2015; Honing et al., 2015; Trehub et al., 2015). This capacity is linked to 

infants not only recognising musical structure but also moving their bodies in response to it. 

Even though this capacity appears to develop precociously, as evidenced by the fact that even 

28-35-week-old foetuses move to music (Kisilevsky et al., 2004), very few studies have 

systematically examined music-driven spontaneous body movements in infants. An 

influential paper by Zentner and Eerola (2010) reported that infants across a large age range 

(from 5 to 24 months) showed more spontaneous rhythmic movements in response to 

classical music and children’s music compared to infant-directed speech. Importantly, their 

movements were not synchronized with the musical input, even though a small degree of 

tempo flexibility was observed (i.e., faster musical tempi evoked relatively faster movement 

periodicities). The lack of synchrony between music and body movements has also been 

reported in younger (i.e., 3-4 months old) infants listening to popular music (Fujii et al., 

2014). Further, another study testing 7-month-old infants reported more movement in 

response to (sung) playsongs compared to lullabies but did not assess movement synchrony 

(Nguyen, Reisner, et al., 2023). Despite these initial investigations, it remains unclear when 

infants begin to move in response to music, which specific movements are evoked, and when 

these movements become coordinated with the music. Moreover, a critical limitation in 

existing research is the lack of a control condition to determine whether these movements are 

driven specifically by musical structure or reflect general motor activity in response to 

auditory input. As a second goal, this study is the first to systematically test the gradual 

development of music-induced movements in different age groups across the first year of life. 

Music engages both sensory and motor systems, yet different musical features may 

differentially shape infants’ engagement with music. While rhythm has been widely studied 

in early music cognition, pitch is another salient acoustic cue that could play a role in 

auditory-motor engagement, particularly in infancy. High pitch is a defining feature of infant-

directed speech (Fernald & Simon, 1984), among other features such as exaggerated 

intonation, slower tempo, and simplified vocabulary (Fernald & Kuhl, 1987; Kuhl & 

Meltzoff, 1982). Similarly, infants most frequently listen to music characterized by high pitch 

(Costa-Giomi & Sun, 2016; Nakata & Trehub, 2011). Reflecting its prominence, high pitch is 



   
 

   
 

found to be one of the most prominent features thought to effectively capture (Conrad et al., 

2011; Eckerdal & Merker, 2009; Trainor, 1996; Trainor & Zacharias, 1998) and guide infants' 

attention (Lense et al., 2022; Trainor & Desjardins, 2002). On the neural level, infants are 

also better at encoding pitch deviances in the high voice of polyphonic music, thus showing 

high voice superiority from 3 months of age (Marie & Trainor, 2013, 2014). Taken together, 

these findings indicate that higher-pitch music would amplify infants’ neural responses (i.e., 

sensory component) in comparison to lower-pitch music. On the other hand, we know that 

adults move more to music with greater energy in lower frequencies (Cameron et al., 2022; 

Stupacher et al., 2013, 2016; Van Dyck et al., 2013). Yet, it remains unknown whether low-

pitch music elicits increased movement in infants, as it does in adults, or whether infants’ 

attraction to high pitch also extends to enhance their motor responses. As a third goal, we thus 

investigate how musical pitch affects infants’ sensory and motor components. 

We presented infants, aged 3, 6, and 12 months, with instrumental refrains of 

children’s songs (music), shuffled versions of the same songs (shuffled music), and 

transpositions of the songs that would either emphasize the melody (high pitch) or the 

bassline (low pitch). We recorded infants’ neural activity using EEG and specifically 

extracted ERPs and ASSR as indices of infants’ neural response to the various auditory 

stimuli. We also analysed spontaneous (full-body) movement kinematics using automated 

video-based motion tracking (DeepLabCut) and extracted principal movements using 

principal component analysis (see Fig. 1, c.f. Bigand et al., 2024, Toiviainen et al., 2010). By 

adopting a cross-sectional design, we aimed to characterize the maturation of both auditory 

and movement responses across infancy. We hypothesized that auditory responses would be 

enhanced when triggered by music compared to shuffled music. This hypothesis was based 

on the notion that musical structure, notably eroded in the shuffled musical stimuli, is 

essential to attract infants’ attention towards predictable events (Kouider et al., 2015; Lense et 

al., 2022). Similarly, based on previous evidence comparing movement responses to music vs 

speech and silence (Fujii et al., 2014; Zentner & Eerola, 2010), we expected the presence of 

musical structure to increase the likelihood of spontaneous movements in response to music 

compared to shuffled music, but we did not have a specific hypothesis about which particular 

movements would be produced. We further hypothesized that infants would show enhanced 

neural responses to high- compared to low-pitch music and explored co-occurring differences 

in spontaneous movements. Generally, we aimed to characterize the maturation of both 

auditory and motor responses as infants get older. By studying both sensory and motor 

components of musicality, we aimed to deepen our understanding of when and how infants 



   
 

   
 

learn to transform what they perceive into spontaneous movements, eventually leading to the 

emergence of synchronization to music (Brown, 2022; Fitch, 2015; Honing et al., 2015; Patel 

& Iversen, 2014).  

 

Figure 1. Overview of the procedure (A), experimental conditions (B), and participant 

sample (C). (A) Infants sat in front of a screen with speakers on each side. The screen showed 

slowly blossoming flowers to attract infants’ attention. Caregivers (not shown) sat behind the 

infants and wore noise-cancelling headphones. (B) Infants listened to polyphonic auditory 

stimuli consisting of a melody and a bassline in four different conditions. The music condition 

included two children’s songs. The shuffled music condition included versions of the songs 

used in the music condition that were shuffled in pitch and randomized in inter-onset 

intervals (IOI). Stimuli belonging to the music and shuffled music conditions had the same 

pitches. In the high-pitch condition, the melody was shifted one octave higher than in the 

music condition. In the low-pitch condition, the bassline was shifted one octave lower than in 

the music condition. Hence, the two voices composing the high-pitch condition were one 

octave higher than those composing the low-pitch condition. (C) The sample included infants 

at 3 months (N=26), 6 months (N=26), 12 months (N=27), and an adult control sample 

(N=26). The dots overlaying the images represent the body parts whose movements were 

tracked using video-based kinematic analysis.  



   
 

   
 

 
Results 

This study included EEG and movement measurements taken from 79 infants in the 

first postnatal year, as well as EEG measurements taken from a control sample of 26 adults. 

Participants were exposed to two polyphonic children's songs featuring a melody and a 

bassline, and their manipulated versions (see Table 1 and S1 for an acoustic characterization 

of the musical stimuli). We investigated neural responses and movement responses to music 

vs shuffled music (a control condition in which we shuffled the melody and randomized the 

inter-onset intervals (IOI) of the music). Additionally, we contrasted neural and movement 

responses to high- vs low-pitch music. Music vs shuffle conditions (manipulation of structure 

but not pitch height) and high pitch vs low pitch conditions (manipulation of pitch height but 

not structure) are contrasted separately to avoid comparing conditions differing in more than 

one variable.  Below, we begin by reporting the neural results, followed by the movement 

results.  

 

Table 1. Acoustic characteristics of the musical stimuli 

Song name 

(Condition) 

TEMPO M±±SD 

(BPM) 

IOI RANGE 

(MS) 

IPI M±±SD 

(SEMITONES) 

IPI RANGE 

(SEMITONES) 

BASS NOTE AND 

PITCH RANGE 

(HZ) 

MELODY NOTE 

AND PITCH 

RANGE (HZ) 

HOPP 

(MUSIC) 

0.422±0.067 0.222-0.444 0.040±4.585 -10 - 7 E2 to E3  

(82.41 – 164.82 Hz) 

A3 to A4  

(220.00 – 440.00 Hz) 

HOPP 

(SHUFFLED 

MUSIC) 

0.422±0.187 0.112-0.666 0.100±4.782 -7 - 12 E2 to E3  

(82.41 – 164.82 Hz) 

A3 to A4  

(220.00 – 440.00 Hz) 

HOPP  

(HIGH 

PITCH) 

0.422±0.067 0.222-0.444 0.040±4.585 -10 - 7 E2 to E3  

(82.41 – 164.81 Hz) 

 

A4 to A5  

(440.00 – 880.00 Hz) 

HOPP  

(LOW 

PITCH) 

0.422±0.067 0.222-0.444 0.040±4.585 -10 - 7 E1 to E2  

(41.20 – 82.41 Hz) 

 

A3 to A4  

(220.00 – 440.00 Hz) 

LOLA  

(MUSIC) 
0.444±0.000 0.444-0.444 0.149±2.836 -7 - 7 E2 to E3  

(82.41 – 164.82 Hz) 

 

A3 to A4  

(220.00 – 440.00 Hz) 

LOLA 

(SHUFFLED 

MUSIC) 

0.444±0.182 0.222-0.665 0.234±4.864 -12 - 11 E2 to E3  

(82.41 – 164.82 Hz) 

 

A3 to A4  

(220.00 – 440.00 Hz) 

LOLA  

(HIGH 

PITCH) 

0.444±0.000 0.444-0.444 0.149±2.836 -7 - 7 E2 to E3  

(82.41 – 164.81 Hz) 

 

A4 to A5  

(440.00 – 880.00 Hz) 

LOLA  

(LOW 

PITCH) 

0.444±0.000 0.444-0.444 0.149±2.836 -7 - 7 E1 to E2  

(41.20 – 82.41 Hz) 

 

A3 to A4  

(220.00 – 440.00 Hz) 



   
 

   
 

Note. M = mean, SD = standard deviation, BPM = beats per minute, IOI = inter-onset interval, IPI = inter-peak 

interval, Hz = hertz (frequency). IOI and IPI were computed across melody and bass notes. Hopp refers to the 

Hungarian playsong (“Hopp Juliska”), Lola refers to the Spanish playsong (“La vaca lola”). 

 
EEG: Event-related potentials (ERP) 

To examine the neural responses, we analysed the average ERPs time-locked to the 

acoustic tone onsets of the bassline notes of the auditory stimuli (Fig. 2). Adults’ ERPs, 

which served as a benchmark to interpret infants’ responses, included an early positivity 

peaking at 37 ms post-stimulus (so-called “P50”, here reaching an average amplitude of 1.05 

μV), followed by a later negativity peaking at 87 ms post-stimulus (so-called “N100”, here 

reaching an amplitude of -0.43 μV) and a second positivity peaking at 158 ms post-stimulus 

(so-called “P200”, here reaching an amplitude of 0.85 μV). This triphasic EEG pattern has 

been widely observed in adults in response to fast-rising auditory stimuli and across different 

contexts (Novembre et al., 2018; Pratt et al., 2008; Remijn et al., 2014; Somervail et al., 

2021). Cluster-based permutation analyses, contrasting the ERPs elicited by music vs 

shuffled music, revealed that the amplitude of the P50 – hereafter referred to as P1 – was 

larger in response to music compared to shuffled music, particularly within the time range 

comprised between -17 and 58 ms post-stimulus (cluster-t=366.16, p=.016). Similarly, the 

amplitude of the following P200 - hereafter referred to as P2 – was larger in response to 

music than to shuffled music, particularly within the time range of 114 to 190 ms post-

stimulus (cluster-t=395.42, p=.016). Both P1 and P2 responses were observed over fronto-

central electrodes, showing a medial distribution, in line with previous literature (e.g., Lijffijt 

et al., 2009). 

All infants’ ERPs showed a P1 response, while a P2 response was observed only in 

12-month-old infants, albeit with a lower amplitude than the P1. The P1 latency decreased 

(Χ2(2)=391.25, p<.001), and its amplitude increased (Χ2(2)=8.59, p=.014) with age (Fig. 2, 

left column). Importantly, and in line with the adults’ data, all infant groups exhibited 

enhanced P1 amplitudes in response to music compared to shuffled music. Cluster-based 

permutation (nPerm=1000) testing revealed that 3-month-old infants’ P1 amplitude was 

enhanced between 177 and 305 ms post-stimulus (cluster-t=1111.90, p=.002). Within this 

window, the P1 peaked at 212 ms and reached an average amplitude of 1.8 μV. The 

topography included a frontocentral cluster with a slight right lateralization. In 6-month-old 

infants, the amplitude of the P1 was enhanced between 116 and 284 ms post-stimulus 

(cluster-t=1401.60, p=.002), peaking at 165 ms and reaching an amplitude of 2.8 μV. The 



   
 

   
 

topography included a few (centro-) parietal electrodes in addition to several frontocentral 

electrodes, with a bilateral activation. In 12-month-old infants, the amplitude of the neural 

response to music was enhanced in a two-peak cluster (cluster-t=1416.30, p=.002). The first 

peak, an infantile P1, occurred between 104 and 227 ms, peaked at 146 ms post-stimulus and 

reached an amplitude of 3.1 μV. Notably, 12-month-old infants exhibited an additional 

positivity, namely an infantile P2, possibly homologous to the P200 observed in adults. The 

P2 ranged from 307 to 325 ms post-stimulus and peaked at 316 ms, with an average 

amplitude of 1.026 μV. The topographies remained frontocentral but were more medial, 

similar to adults.  

To rule out the possibility that increased neural responses in the music condition 

reflected differences in inter-tone temporal spacing (see IOI range in Table 1), we performed 

control analyses including only epochs from the shuffled music condition for which the prior 

or subsequent IOI exceeded the median IOI duration. The resulting ERPs in the shuffled 

music condition were highly similar to those reported above (compare Fig. 2 with Fig. S1), 

and the difference between the music and shuffled music conditions remained significant 

across all age groups (p<.05). These findings indicate that the observed effects are not solely 

attributable to variations in inter-tone spacing but also reflect sensitivity to musical structure. 

Next, we examined neural responses to the notes in the high- and low-pitch conditions 

(Fig. 2, right column). The morphology of both adults’ and infants’ ERPs was generally 

comparable to that elicited by the music condition. Cluster-based permutation (nPerm=1000) 

testing revealed that the amplitude of the adults’ ERPs was comparable across high- and low-

pitch conditions (p>.050). This was also the case for both 3- and 12-month-old infants, but 

notably not for 6-month-old infants, who exhibited an enhanced P1 in response to high-pitch 

vs low-pitch conditions (cluster-t=763.84, p=.002). This enhanced positivity (178 and 332 

ms) peaked at 204 ms and reached an average amplitude of 2.8 μV. Similar to the neural 

response elicited by the music condition, the topography included few (centro-) parietal 

electrodes in addition to several frontocentral electrodes, with a bilateral activation.  

 



   
 

   
 

 

Figure 2. Event-related potentials (ERPs) elicited by the notes comprised within the music 

(orange, left) vs shuffled music (khaki, left) as well as by the notes comprised within the high-

pitch (light blue, right) vs low-pitch music (purple, right), across four groups of participants 

(plotted in ascending order of age, from top to bottom): 3-, 6-, 12-month-old infants (N=79) 

and adults (N=26). Grand-average ERPs are averaged across electrodes within the 

significant cluster of each age group in the music condition (except for pitch condition 

comparison in the 6-month-olds). Shaded areas indicate the standard error. ERPs show 

progressively shorter latencies with increasing age. All groups exhibited a P1 response, while 

only older infants (12-month-olds) and adults additionally exhibited a P2. Music elicited a 

larger P1 (and, when present, P2) amplitude compared to shuffled music, notably across all 



   
 

   
 

groups (time ranges associated with a significant difference are indicated by horizontal black 

lines). The topography of this neural response (averaged across the time window of the P1 

cluster) in the music condition appears to shift more medially with increasing age. Colorbars 

beneath topography plots index EEG amplitude values. 

 
EEG: Auditory Steady State Responses (ASSR) 

Figure 3 shows bar plots indexing the relative power of ASSRs elicited by the 

auditory stimuli (power estimates were averaged across the electrodes comprised within the 

ERP clusters that were common to all age groups, i.e., FP2, F7, F3, Fz, F4, F8, FC7, FC3, 

FCz, FC4, FC8, C3, Cz, C4; see Fig. 2).  

Our frequency of interest was 2.25 Hz, matching the musical beat as well as the 

presentation rate of the majority of the notes (15 out of 16 notes) in the auditory sequences 

(see methods, section “Stimuli”). We used linear mixed models, including power estimates as 

the dependent variable to contrast the different conditions and age groups (fixed and 

interaction effects). Participants were modelled as random intercepts. Power estimates were 

generally higher in response to music as opposed to shuffled music. Model outputs indicated 

that the power of the ASSR elicited by the music condition was significantly higher than that 

elicited by the shuffled music condition in 3-month-old infants (F(1,50)=7.82, p=.007), 12-

month-old infants (F(1,52)=12.03, p=.001) and adults (F(1,50)=13.49, p<.001); while it only 

reached a trend for significance in 6-month-old infants (F(1,50)=2.95, p=.092). ASSR power 

estimates were not different across high-pitch and low-pitch conditions across all age groups 

(p>.240). These results indicated that most groups tracked the periodicity of the musical beat, 

leading to an enhancement of power in ASSR at a frequency matching the musical beat. This 

is generally in line with the ERP results showing stronger neural responses to music than 

shuffled music (even though 6-month-old infants only showed a marginal difference). 



   
 

   
 

 
Figure 3. Relative EEG Power (arbitrary unit [a.u.], y-axis) of the auditory steady-state 

responses (ASSR) elicited by music versus shuffled music (orange and khaki, left), and high-

pitch versus low-pitch musical stimuli (blue and purple, right), across four groups of 

listeners: 3-month-olds (first row), 6-month-olds (second row), 12-month-olds (third row), 

and adults (fourth row). ASSR power estimates at the frequency (x-axis) matching the musical 

beat (2.25 Hz, highlighted by vertical dashed lines and including standard error bars) were 

statistically higher when elicited by music compared to shuffled music across nearly all 

participant groups (i.e., all but 6-month-olds). High- and low-pitch stimuli evoked similar 

ASSR (at 2.25 Hz). These results generally align with the ERP results (Fig. 2) across most 

infant groups and adults, except for 6-month-old infants for whom differences across 

conditions were either trending (music vs shuffled) or not significant (high vs low pitch). 
 



   
 

   
 

Extraction of Principal Movements and Estimation of Quantity of Movement 
Using principal component analysis, we decomposed full-body kinematics into 10 

Principal Movements (PMs), explaining 79.7 % of the whole kinematic variance. The PMs 

(depicted in Fig. 4) were reminiscent of common infant movements such as front-back 

rocking (PM1), side sway (PM2), proto-clapping (PM3), leg kicking (PM4), up-down 

rocking (PM5), arm pedalling (PM6), feet kicking (PM7), whole body wiggling (PM8), feet 

shuffling (PM9) and feet pedalling (PM10). Labels were assigned qualitatively, following 

visual inspection of the PMs.  

 

 

Figure 4. Infants’ principal movements (PMs). PMs are illustrated by showing the two most 

different body postures (min and max of the PM score, in grey and black, respectively) from 

the frontal perspective. The reader should interpret the PM as the kinematic displacement 

necessary to shift from one body posture (grey) to the other (black). Circle diagrams denote 

the proportion (%) of kinematic variance explained by each PM. Together, the ten PMs 

account for 79.7% of the total kinematic variance. 

 

Quantity of Movement (QoM) was estimated and compared across PMs, conditions, 

and groups (Fig. 5). QoM estimates were based on first-degree differentiation of the PM time 

series (see methods). A random intercept was included for each infant. Linear mixed effect 

modelling yielded a significant interaction between Condition and Age (χ²(2)=16.76, p<.001) 

indicating that only 12-month-old infants exhibited higher QoM in response to music 

compared to shuffled music across all PMs (i.e., when QoM was computed as an average 

across all PMs). Post-hoc contrasts comparing QoM averages between conditions revealed a 



   
 

   
 

highly significant effect (t(69.8)=4.86, p<.001; see top left panel of Fig. 5 for QoM averaged 

across PMs).  

Even though there was no interaction effect between Condition, Age and PMs, we still 

ran post-hoc comparisons to gain preliminary evidence about specific PMs driving the above-

described effects. Results indicated that differences in 12-month-olds’ QoM in response to 

music vs shuffled music were mostly driven by movements of the upper body and/or upper 

limbs. Specifically, front-back rocking (PM1), side sway (PM2), proto-clapping (PM3), up-

down rocking (PM5) and arm pedalling (PM6) were linked with significantly higher QoM in 

response to music as opposed to shuffled music (PMs 1,2,3,5,6; ps<.050, corrected using the 

false-discovery rate). Contrarily, younger infants (3- and 6-month-olds) did not exhibit 

significantly different QoM in response to music vs shuffled music in any of the PMs 

(ps>.123). Further, when comparing infants’ QoM to music at different pitches, we found no 

significant differences between conditions across PMs and age groups (ps>.295). 

The model also yielded a significant interaction between PMs and Age 

(χ²(18)=181.575, p<.001), indicating that QoM generally increased with age but differently 

across PMs. Specifically, from 3 to 6 months, the PMs associated with a faster increase in 

QoM were front-back rocking (PM1), proto-clapping (PM3) and arm pedalling (PM6) 

(t(95.4)=2.34-2.60, p=.016-.032). From 3 to 12 months, front-back rocking (PM1), side sway 

(PM2), proto-clapping (PM3), up-down rocking (PM5) and arm pedalling (PM6) became 

more prevalent (t(95.4)=2.69-5.06, p=.001-.025). From 6 to 12 months, proto-clapping (PM3) 

became even more prevalent (t(95.4)=2.71, p=.012). Across the first year of life, infants 

seemed to consistently move their lower body while slowly increasing their capacity for 

upper-body and whole-body movements while seated.  

 



   
 

   
 

 
Figure 5. Quantity of movement (mean, a.u.; [QoM]) elicited by music (orange) versus 

shuffled music (khaki) and high-pitch (blue) versus low-pitch music (purple) across different 

age groups (3-month-olds, 6-month-olds, 12-month-olds) and principal movements (PMs). 

Bar plots indicate the mean and standard error of QoM across different age groups, 

conditions, and PMs. Only twelve-month-old infants showed significantly increased QoM in 

response to music compared to shuffled music, specifically in PMs involving upper body 

movements (front-back rocking, side sway, proto-clapping, up-down rocking, and arm 

pedalling). No significant differences were observed between high- and low-pitch conditions. 

These results were also replicated in a supplementary analysis assessing differences in 

variance of (as opposed to mean) QoM (see Fig. S2 and Supplements for more details). † = 

p<.100, * = p<.050, ** = p<.010, *** = p<.001 



   
 

   
 

Movement: Granger Causality Analysis 
Beyond looking at how much infants moved, we further investigated whether the 

spontaneous occurrence of infant movements could be explained by preceding changes in the 

intensity of the auditory stimuli. To do so, we used the sound envelope of the auditory stimuli 

(indexing changes in intensity over time) to predict infant movement velocity (time series 

representing changes in movement velocity, averaged across all PMs) and vice versa, using 

Granger-Causality analysis. Prediction estimates (Granger F-values) were yielded across 

different time lags, indexing the elapsed time necessary for a change in stimulus intensity to 

predict a change in movement velocity (i.e., highest F-values represent optimal prediction).  

A preliminary analysis (sanity check) showed that musical stimuli predicted 

subsequent movement velocity better than vice versa across all age groups (Fig. 6, top-right 

corner; F(1)=94.62, p<.001). To identify the optimal temporal lags predicting sound-driven 

changes in movement, we conducted bootstrapped t-tests corrected for multiple comparisons 

across time points. Results (Fig. 6, left) showed that musical stimuli were better predictors of 

movement than shuffled stimuli at 3 months (lags of 160-200 ms, t(40)=3.55-3.98, p<.001), 6 

months (lags of 120-240 ms, t(37)=2.99-4.49, p<=.001) and 12 months (lags of 160-240 ms, 

t(31.6)=4.95-5.03, p<.001). Conversely, there was a drop in prediction at later time lags in all 

groups (~320-360 ms; t(43.6)=3.88-8.25, p<.001). Together, these results suggest that infants’ 

movement was related to intensity changes in the music, but not in the shuffled music. 

Results associated with the high- and low-pitch conditions yielded similar Granger F-

values to the music condition (Fig. 6, right). Notably, prediction estimates were generally 

higher for the high-pitch condition as compared to the low-pitch condition, indicating that 

high-pitch music was a better predictor of movement than low-pitch music. The difference 

between these two conditions was significant in one time-window in the 3-month-old infants 

(80-200 ms, t(39.26)=2.66-3.81, p<.002), while it encompassed two time windows in the 6-

month-olds (120-200 ms, t(45.64)=3.14-4.21, p<=.004, and 320-360 ms, t(45.7)=3.32-3.82, 

p<=.004) and 12-month-olds (120-160ms, t(40.4)=3.20-3.73, p<=.002 and 520-600 ms, 

t(39.9)=3.13-3.41, p<.004) – perhaps suggesting that this effect grows stronger with age. 

Finally, Granger Causality statistics stratified by each PM and age group are detailed in the 

Supplements and Fig. S2. 

 

 



   
 

   
 

 

Figure 6. Music-driven movement (Granger-Causality analysis). Top-right: A sanity check 

analysis showed that musical stimuli predicted subsequent movement velocity (green) better 

than vice versa (grey; p<.001). Left: Movement velocity was better predicted by music 

(orange) than by shuffled music (khaki), particularly with time lags of 160-200 ms (shaded 

areas indicate standard errors; horizontal black lines underline time ranges associated with 

a significant difference between conditions). Right: Movement was better predicted by high-

pitch music (blue) compared to low-pitch music (purple). 

 
Movement: Phase-locked changes and periodicity 

The Granger Causality analysis indicated that changes in music intensity drove 

movement in time, especially at a time lag comprised within a 200 ms delay. This result 

indirectly suggests that changes in music might evoke a phase-locked movement response. If 

so, we should be able to observe such phase-locked response when epoching movement data 

to peaks in the amplitude envelope of the auditory stimuli. To test this prediction, we ran 

supplementary event-related analyses on the movement velocity time series used for the 

previous analysis. Cluster-based permutation analyses revealed no significant clusters across 

age groups and conditions (ps>.050; see Supplements, Fig. S3), even though it should be 



   
 

   
 

noted that 12-month-old infants exhibited a movement peak at ~200 ms, which was slightly 

but not significantly higher in response to music vs shuffled conditions. These results 

indicated that infants did not consistently exhibit phase-locked movement responses to 

musical events such as peaks in the amplitude envelope of the auditory stimuli. 

Next, we also examined to what extent spontaneous movements were periodic and 

how so across conditions. This analysis builds upon the distribution of the highest 

coefficients yielded by auto-correlation analyses (similar to Zentner & Eerola, 2010). The 

results indicated that overall, spontaneous movements tended to be periodic, but such 

periodicity did not match the musical beat and was not different across conditions (see 

Supplements). In other words, movement periodicity did not result in coordination with 

music, and it was not modulated by whether infants were listening to music vs shuffled music 

or high- vs low-pitch music (Fig. S4). This result was further supported by an exploratory 

analysis in which we identified movement bursts by isolating epochs with high amplitude 

variation in the time series and excluding segments with low or no variation (c.f. Fujii et al., 

2014). Together, these results suggest that while infants might generally exhibit rhythmic 

movements in response to sounds, the specificity of this behavioural response to music – and 

its coordination with musical structure – continues to develop beyond 12 months of age. 

 
Discussion 

This study examined the development of infants’ neural and movement responses to 

music during the first year of life using a combination of neural measures, such as ERP and 

ASSR, alongside quantitative analyses of infants’ movement. These approaches allowed us to 

explore both sensory and motor components of musicality, shedding light on how infants 

process and respond to musical stimuli. Below, we discuss 1) the development of neural 

auditory responses to music, 2) the emergence of music-driven movement patterns, and 3) the 

sensitivity of both components to pitch across early development.  

 

Neural Responses to Music: Sensitivity to structured music across all ages 
Much research suggests that the infants’ auditory system is sensitive to structural 

features of music, such as timing and pitch regularities, from early on (Saffran et al., 1999; 

Thiessen & Saffran, 2009; see Nguyen et al., 2023 for a review). However, the developmental 

trajectory of such musical sensitivity across the first year of life is still underexplored. Here, 

we provide a detailed characterization of the progressive maturation of auditory evoked 

potentials, neurophysiological measures that generally capture rapid changes in the sensory 



   
 

   
 

environment, such as the onset of musical notes (Kushnerenko et al., 2002; Somervail et al., 

2021). Specifically, we observed ERPs with progressively shorter latency and larger 

amplitude throughout the first year of life. While these findings likely reflect a general 

maturation of sensory systems, they also highlight how the evoked potentials elicited by 

musical stimuli were enhanced in amplitude compared to those elicited by shuffled (i.e., 

structure-free) stimuli, an effect consistently observed across all age groups. This is in line 

with the idea that sensitivity to musical regularities emerges early and persists throughout 

infancy (Trevarthen, 1999). Indeed, sensitivity to simple rhythmic or pitch regularities has 

been observed in infants at various ages (Cirelli et al., 2016; Edalati et al., 2023; Flaten et al., 

2022; Háden et al., 2009, 2024; Stefanics et al., 2009; Winkler et al., 2009), and, in the case 

of rhythm, even in premature neonates (Saadatmehr et al., 2025). Such sensitivity may be 

rooted in general auditory predictive processing, whereby the brain extracts regularities from 

past observations to generate and update predictions about incoming sensory information 

(Friston, 2010; Köster et al., 2020; Vuust & Witek, 2014). Ecologically valid music, such as 

the refrains used here, naturally incorporates rhythmic and pitch regularities that could trigger 

the generation of predictions – a process markedly dampened by shuffled music (Bianco et 

al., 2024, 2025; Lense et al., 2022).  

Which specific musical regularities drove infants’ predictions in our study? Previous 

EEG research suggests that in newborns, probabilistic auditory predictions are primarily 

driven by timing rather than pitch regularities when listening to ecologically valid music 

(Bianco et al., 2025). In contrast, adults rely on both timing and pitch regularities to generate 

predictions (Di Liberto et al., 2020). Given that our study examined infants older than 

newborns but not yet as mature as adults, it is likely that timing regularities played a key role 

for the youngest participants, while pitch regularities may have had a greater influence on the 

older age groups. However, it is important to note a limitation of such interpretation of our 

findings: our shuffling procedure permuted both the timing and pitch of the tones 

simultaneously, which prevents us from disentangling whether the stronger neural responses 

observed for the music condition reflect sensitivity to rhythmic regularity, melodic structure, 

or their combination. Hence, to clarify this issue, future research should investigate when, 

during development, the human brain begins incorporating pitch alongside timing regularities 

to generate musical predictions. 

 To explore the underlying neural mechanisms driving the above-described neural 

process, we analysed ASSR besides ERPs. This was done under the assumption that if the 

described results were driven by neural entrainment to the beat of the music, then ASSR 



   
 

   
 

might better capture differences across conditions, as this measure can capture oscillatory 

activity. Instead, if the results were driven by evoked responses, then the ASSR results would 

generally align with ERP results or even be slightly less robust, given that frequency-domain 

analysis is less suited for capturing time-domain neural modulations. Results showed 

enhanced ASSR at a frequency matching the musical beat, with stronger power in response to 

music as opposed to shuffled stimuli and no differences between high- and low-pitch musical 

stimuli. Hence, ASSR and ERP results were very similar, a conclusion that is in line with 

previous accounts suggesting that on some occasions, the two measures might originate from 

the same signal, i.e., evoked responses (Capilla et al., 2011; Novembre & Iannetti, 2018). 

Further, building on evidence indicating that the infantile P1 originates from the auditory 

cortex (Chen et al., 2016; Musacchia et al., 2017; Riva et al., 2018), this result sheds light on 

one of several underlying neural structures that might be responsible for identifying musical 

structure in the auditory input.  

 

Motor engagement with Music: Movement Sophistication develops with Age 

In adults, music engages not only the auditory system but also the motor system (Fujioka 

et al., 2012; Grahn & Brett, 2007; Novembre & Keller, 2018; Phillips-Silver & Keller, 2012), 

often leading to spontaneous motor responses coordinated with the musical input (Hurley et 

al., 2014; Janata et al., 2012). While some evidence indicates that such spontaneous body 

movements are also exhibited by infants (Provasi et al., 2014), it remains unclear how this 

behaviour matures throughout development and how sophisticated it is.  

First, as a coarse measure of auditory-motor coupling, we used Granger Causality to 

predict the time course of body movements using the time course of the auditory input 

(specifically the amplitude envelope). Taking this approach, we could predict body 

movements of infants from 3 to 12 months, specifically while listening to music as opposed 

to the shuffled conditions. This result indicates that recognising musical structures leads not 

only to distinct neural encoding patterns (as discussed in the previous section) but also to 

different levels of motor engagement. Further, as this result was observed across all ages, we 

might speculate that such audio-motor coupling, specifically triggered by music, emerges 

early in development and might be biologically predisposed. This conclusion aligns with 

previous findings showing that even foetuses as young as 28–35 weeks gestational age 

exhibit movement responses to musical sounds (Kisilevsky et al., 2014). However, it is 

important to note that these prenatal motor responses were not compared to motor responses 

to other auditory stimuli, as in our study, therefore raising questions about their specificity. 



   
 

   
 

 Next, taking a more complex measure of movement, we used principal component 

analysis to break down body kinematics into 10 independent principal movements (PMs; 

Bigand et al., 2024; Toiviainen et al., 2010) that explained nearly 80% of the whole 

kinematic variance. To the best of our knowledge, this approach has never been adopted for 

the analysis of infants’ datasets, which normally do not distinguish between different kinds of 

movements (Fujii et al., 2014; Nguyen, Reisner, et al., 2023; Zentner & Eerola, 2010) or do 

so qualitatively (Thelen 1979, 1981). Building on this data-driven approach, we compared to 

what extent different movements were exhibited by infants across different ages and 

conditions. We found that only 12-month-old infants exhibited more movement in response to 

music compared to shuffled music. This result was driven by specific upper-body movements 

such as front-back rocking, side swaying, proto-clapping, and arm pedalling. It is not 

straightforward to interpret why these (and not other) movements were triggered by music, 

and why only at this age. Potential explanations include the development of refined postural 

control, typically achieved by 9–10 months (Hadders-Algra, 2005), and the fact that infants 

were tested in a seated position (a measure taken to simplify comparability across age 

groups). This seating arrangement likely facilitated upper body movements as the feet were 

resting. Further studies are needed to systematically characterize infants’ movements to music 

across different contexts.  

 Finally, we examined movement coordination – a potential precursor of dance – and 

tested whether the periodicity of spontaneous movements matched the periodicity of the 

music. We did not find any evidence of movement coordination in none of the age groups. 

This result is in line with previous studies (Fujii et al., 2014; Zentner & Eerola, 2010) and 

suggests that sensorimotor transformation of music, specifically the ability to preserve its 

periodicity, develops after the first year of life. This delayed emergence may be due to motor 

control skills required for such transformation, which indeed are known to continue to mature 

during toddlerhood and even middle childhood (Kim & Schachner, 2022; Phillips-Silver et 

al., 2024). Hence, while coarse auditory-motor coupling is present at all ages, diversified 

movement patterns emerge only by 12 months, and spontaneous coordination with music 

likely continues to develop throughout infancy into childhood. Taking a broader perspective 

on infants’ motor development, our findings align with research on locomotion across the 

first 14 months of life, which shows that as the number of motor primitives increases, their 

intrinsic variability decreases (Hinnekens et al., 2023). Viewed together, these patterns point 

toward a gradual refinement of motor control: the human motor system first develops the 

capacity to control individual muscles, and gradually the capacity to integrate them into 



   
 

   
 

motor synergies that support complex, coordinated behaviours, such as locomotion, musical 

synchronization, and dance.  

We suggest that the increasing complexity of infants’ motor response to music is 

linked to the gradual maturation of the dorsal auditory stream, which connects posterior 

regions of the superior temporal gyrus with premotor cortices (e.g., Chen et al., 2009; Grahn 

& Brett, 2007; Kotz et al., 2018). Although this pathway is present at birth (Friederici, 2011; 

Perani et al., 2010), it has been suggested to play a crucial role in rhythmic entrainment and 

beat perception, functions that likely develop further as the pathway matures (Honing, 2018; 

Merchant & Honing, 2014; Patel & Iversen, 2014). This developmental trajectory aligns with 

neuroimaging evidence showing that while the ventral linguistic pathway (connecting 

temporal and frontal regions via the extreme capsule) is well-established at birth, the dorsal 

pathway—particularly the arcuate fasciculus connecting temporal regions to inferior frontal 

areas—continues maturing throughout the first postnatal months, with different maturational 

timelines for dorsal versus ventral connections (Dubois et al., 2016). Our suggestion is 

indirectly supported by comparative work on non-human primates, whose dorsal auditory 

stream is less developed than in humans (Merchant & Honing, 2014; Patel & Iversen, 2014). 

Indeed, research suggests that adult macaques struggle to recognise musical beats (Honing et 

al., 2012, 2018), while adult chimpanzees—though capable of adjusting their rhythmic sway 

periodicity in response to the beat (Hattori, 2021; Hattori & Tomonaga, 2020)—are unable to 

match it accurately, much like infants in our study and previous literature (Zentner & Eerola, 

2010).  

 

Pitch Sensitivity: Auditory and Movement preferences for High-Pitched music 

 At 6 months, infants exhibited enhanced neural responses to high-pitch music 

compared to low-pitch music, a specificity not observed at 12 months or in adults. This 

transient enhancement may reflect a critical period of heightened auditory plasticity, 

potentially supporting the detection of socially relevant stimuli (Fernald & Kuhl, 1987; Kuhl, 

2010). Indeed, high-pitched sounds are prominent in infant-directed speech and singing, 

which are integral to caregiver-infant interactions and social communication during early 

infancy (Fernald & Kuhl, 1987; Hilton et al., 2022; Nakata & Trehub, 2011; Trainor & 

Zacharias, 1998; Tsang & Conrad, 2010). At six months, caregiver-infant face-to-face 

interactions peak (Beebe et al., 2016; Feldman, 2007), with infants relying more on 

behavioural cues, often conveyed through auditory modalities (Gratier et al., 2015; Nguyen, 

Zimmer, et al., 2023), and less on physical objects than in later developmental stages. Thus, 



   
 

   
 

the enhanced sensitivity to high-pitched music at 6 months may reflect an essential phase in 

infants’ developing abilities to process both musical and communicative signals (Shenfield et 

al., 2003). Toward the end of the first year, attentional focus widens (Cooper et al., 1997; 

Newman & Hussain, 2006) and face-to-face interactions decrease steeply (Jayaraman et al., 

2015). At this stage, strengthening of lower-pitch processing likely leads to more balanced 

encoding of high- and low-pitch music by 12 months and beyond.  

It should also be noted that our musical stimuli comprised polyphonic (two-voice) 

music, carrying sound frequencies falling within the typical range of infant-directed song 

(~200-400 Hz, Cirelli et al., 2020; Nguyen, Reisner, et al., 2023; Trainor & Zacharias, 1998). 

As such, our results might specifically speak for infants’ ability to separate (and prioritize 

among) simultaneous communicative auditory streams (Marie & Trainor, 2013; Trainor, 

2015). Indeed, other studies presenting one-voice pure tone sequences (single isochronous 

and isotonous tones) with high vs. low pitch - notably at frequencies outside our range (130 

vs. 1237 Hz) - have reported stronger neural responses to relatively low frequencies (Lenc et 

al., 2023). Together, these contrasting observations suggest that pitch prioritization changes 

not only throughout development but also depends on the polyphonic complexity and spectral 

characteristics of the perceived stimuli. Further research might investigate this interesting 

issue further.  

Moving to the movement results, it remains difficult to explain why high-pitch music 

was generally associated with enhanced auditory-motor coupling compared to low-pitch 

music. One possibility is that high-pitch music led to higher arousal, akin to infant-directed 

songs (Cirelli et al., 2020; Juslin & Laukka, 2003), which in turn strengthened the coupling 

between spontaneous movements and music. Alternatively, or complementarily, low-pitch 

music might have led to lower arousal or generally reduced attentional processes, thereby 

weakening auditory-motor coupling. If increased arousal were to result in greater overall 

movement, we would expect higher movement levels in the high pitch condition; however, 

this was not observed. QoM analyses based on the PMs did not reveal significant differences 

between the high pitch and low pitch conditions. This discrepancy may arise because Granger 

causality captures subtler temporal coupling between movement and music rather than gross 

movement quantity. Thus, high-pitch music may modulate the timing and coordination of 

motor responses without necessarily increasing the overall amount of movement. In line with 

prior work (e.g., Bigand et al., 2024), this interpretation emphasizes that musical coordination 

often involves changes in coupling strength rather than movement quantity per se. Either 

way, it is difficult to reconcile the movement results with the ERP results showing enhanced 



   
 

   
 

auditory processing of high-pitch music only at 6 months. Perhaps, as infants mature, their 

sensitivity to high-pitched sounds may integrate with not only broader auditory but also 

motor processing mechanisms. Such a developmental trajectory might explain the reduced 

neural specificity to high-pitch music by 12 months, alongside a shift toward more 

coordinated motor responses to lower-pitched stimuli in adulthood (Cameron et al., 2022; 

Hove et al., 2014; Stupacher et al., 2016). These speculations could be addressed by future 

research exploring how musical pitch and rhythm interact to drive movement beyond infancy 

into adulthood to particularly examine when neural and motor engagement with low-pitch 

music becomes more prominent (Cameron et al., 2022; Stupacher et al., 2013, 2016).  

 

Conclusion 

Our study demonstrates that while robust auditory processing of music is present as 

early as 3 months, the translation of these sensory processes into organised motor behaviours 

unfolds gradually over and beyond the first year of life. Specifically, while coarse auditory-

motor coupling is present at all ages, diversified movement patterns emerge only by 12 

months, and spontaneous coordination with music likely develops throughout infancy and 

into childhood. Hence, our study provides evidence that, much like the auditory encoding of 

music, the propensity to move in response to music emerges early in development. This may 

reflect a biological or early-developing predisposition, eventually leading to dance-like 

behaviour. However, by 12 months, these motor responses remain relatively underdeveloped. 

Additionally, our study points to a previously unknown association between high-pitch music 

and auditory-motor coupling, extending the current research focus on infant-directed 

communication towards motor engagement and spontaneous behaviour. Together, these 

findings provide initial insights into how the developing brain gradually transforms music 

into spontaneous movements of increasing complexity. Future research should extend our 

characterisation of music-induced movement beyond the first year of life and further explore 

its (to-date mysterious) functional significance (Hoehl et al., 2021; Markova et al., 2019; 

Nguyen, Flaten, et al., 2023; Wass et al., 2020). 

 

  



   
 

   
 

Materials & Methods 
The study was preregistered: https://aspredicted.org/WW3_3TF. Deviations are listed in the 

Supplement. 

 

Infant Experiment 
Ninety-eight full-term infants, divided into three different age groups (see Fig. 1C), 

participated in this experiment. Nineteen infants were excluded due to fussiness (n=9) or 

technical issues (n=10), leading to a 19,6 % attrition rate (in line with infant EEG studies; 

Hoehl & Wahl, 2012). The remaining 79 infants were either 3 months (n=26, 14 girls, 

mean=113.04 days, SD=5.68 days, range=98-120 days), 6 months (n=26, 14 girls, 

mean=195.88 days, SD=9.46 days, range=182-211 days) or 12-13 months of age (n=27, 9 

girls, mean=380.44 days, SD=14.93 days, range=361-413 days). All infants were born with a 

minimum gestational age of 37 weeks, weighed at least 2500 g at birth, and had no known 

developmental delays, neurological disorders, or hearing impairments. A primary caregiver 

gave written informed consent and was present during the experiment. The study was 

approved by the local Ethics committee of the University of Vienna (no. 00645) in line with 

the Declaration of Helsinki. 

 

Stimuli 

 Auditory stimuli were generated by rearranging the refrains of two polyphonic 

children’s songs (“La Vaca Lola” and “Hopp Juliska”) using Logic Pro X (Apple, Inc.). 

Stimuli belonged to four distinct conditions (Fig. 1B). The music condition entailed the 

presentation of the rearranged refrains. The shuffled music condition entailed a disruption of 

pitch order and timing regularities of the refrains presented in the music condition. 

Specifically, the original temporal order of the notes was shuffled (disrupting pitch order), 

and the IOIs were replaced by a new pool of random values uniformly distributed around the 

original mean IOI ± 30-50% of the distance between the mean and the minimum original IOI 

(disrupting timing regularities). The bass and melody notes were treated independently in the 

shuffling process. In addition, the new pool of IOI was not quantized, so the notes did not fall 

on the beat, thus disrupting the isochrony of the original playsongs. In the high-pitch 

condition, the melody was shifted one octave higher than in the music condition. In the low-

pitch condition, the bassline was shifted one octave lower than in the music condition. Hence, 

the two voices composing the high-pitch condition were one octave higher than those 

composing the low-pitch condition. All stimuli were built using the same musical 



   
 

   
 

instruments: the melody was played by a flute (“VHS Flute” from Yamaha DX7, Arturia) and 

the bassline was played by an electric bass (“Liverpool” electric bass from Logic Pro), with 

almost all bassline notes (15 out of 16) falling on the beat. Importantly, all stimuli had the 

same duration (21 s), tempo (135 BPM), tonality (C-major) and loudness (which stayed 

within a range of 1.5 LUFS, a measure that considers the sensitivity of the human auditory 

system across frequencies).  

 

Procedure 
Setup and Task  

Infants were seated in an infant highchair equipped with an age-appropriate baby seat 

facing a computer screen (1 m distance, see Fig. 1A). Parents sat next to the infants (on their 

right and slightly towards the back). The stimuli were presented free field (~60 dB SPL) from 

two audio speakers (Q Acoustics 3020i) placed on either side of the monitor, facing the 

infants. During the procedure, infants passively listened to a series of auditory stimuli in the 

following sequence: First, there were 10 seconds of silence, followed by the shuffled music 

condition. Then, the music, high-pitch and low-pitch conditions were played in random order. 

After that, there were another 10 seconds of silence, followed by a second round of the 

music, high-pitch and low-pitch conditions in random order. Finally, the shuffled music 

condition was played one last time, followed by 10 seconds of silence. The same song was 

used in all the different conditions within each presentation block. The order of presentation 

blocks for each song was counterbalanced. Meanwhile, infants were watching a silent movie 

of blooming flowers, slowly fading in and out (image duration 10 s). Videos were included to 

keep infants calm and engaged. Only infants who remained calm for at least two presentation 

blocks were included in the final sample (n=3 were excluded). Stimulus presentation and the 

synchronization between EEG and video cameras were controlled in Presentation (Version 

23.0, Neuro-behavioral System, Berkeley, CA) utilizing triggers sent at the start of the 

experiment and the beginning of each trial. 

Electroencephalography (EEG). We recorded EEG using a Brain Products 

BrainAmp DC system with 32 active Ag-AgCl electrodes, mounted on infant-sized EEG caps 

(Acticap) according to the international 10-10 system. The reference electrode was placed at 

TP9 (left mastoid), and the ground electrode was placed at Fp1. EEG data were sampled at 

1000 Hz. Impedances were below 20 kΩ at the beginning of the experiment. 

Video Recording. Infant body movement was recorded using three video cameras 

(Axis Communication, Lund) sampling at 25 Hz with a resolution of 1920 x 1080 pixels. The 



   
 

   
 

three video recordings, taken from frontal (0°), diagonal (45°) and side view (90°) 

perspectives, were synchronized in VideoSyncPro (Mangold International). The cameras 

were positioned at the height of the infants’ heads to capture their whole bodies.  

 
Adult Control Experiment.  

Twenty-six healthy young adults (11 female, mean = 27.55 years of age, SD: 7.09 

years, range=19-47 years) participated in the experiment. The study was approved by the 

Regional Ethics Committee of Liguria (no. 794/2021). Participants underwent the same 

experimental procedure as the infants, including the same auditory stimuli and video material. 

EEG was recorded with 64 Ag-AgCl electrodes, closely matched to the infant configuration 

(see Supplements for further details) and sampled at 1024 Hz. Data were down-sampled to 

1000 Hz to match the pre-processing and data analysis procedure (detailed below) of the 

infant study. The experiment was conducted to provide a ground truth for the interpretation of 

the infants’ EEG data. Therefore, no video data was recorded to track adults’ movements. 

 

Data Processing 
EEG pre-processing. Infant EEG data are notoriously noisy as infants may not 

understand or comply with task instructions. It follows that their behaviour can lead to 

artefacts in the EEG recordings. To mitigate this issue, we used a combination of open-access 

denoising algorithms and adopted a fully data-driven pre-processing pipeline that we 

previously developed to denoise EEG data recorded from awake monkeys (Bianco et al., 

2024) and humans dancing (Bigand, Bianco, Abalde, Nguyen, et al., 2024). The pipeline 

relied on a combination of MATLAB functions developed for toolboxes such as Fieldtrip 

(Oostenveld et al., 2010) and eeglab (Delorme & Makeig, 2004). Continuous EEG data were 

band-pass filtered (0.3 Hz - 30 Hz, 3rd order Butterworth filter, zero-phase) and segmented 

into trials starting 3 seconds before song onset and ending 3 seconds post song offset. Next, 

noisy and faulty electrodes were identified and rejected by assessing flat-lining for over 5 s 

(function clean_flatlines), correlations between electrodes for r<.1 or line noise above 20 SD 

from the mean of all electrodes (function clean_channels). These initial steps were conducted 

to find a rough indication of electrodes carrying low-quality signals. In addition, mean, 

standard deviation, and peak-to-peak distances were calculated over time for each electrode. 

If any of those variables exceeded 2.5 SD from the mean of the other electrodes, that 

electrode was (provisionally) discarded. This process was iterated without the outlier 

electrode(s) until a distribution without outliers was found. Electrodes were then re-



   
 

   
 

referenced to the averaged mastoids (TP9, TP10) or the left mastoid only in cases when TP10 

was noisy (N=26). We then used artifact subspace reconstruction (ASR, threshold 5) to 

remove artefactual EEG activity (Kothe & Jung, 2015). An automatic independent 

component analysis (ICA) procedure using ICLabel was implemented, and components that 

were classified as eye components with a minimum probability of 50 % were rejected 

(mean=0.76, SD=0.67, 0-2 components per infant). Next, previously excluded electrodes 

were interpolated by using the neighbouring electrodes (spherical spline; mean number of 

interpolated channels=6, SD=3.09). We assessed data quality (including trial counts and 

signal-to-noise ratio [SNR]) across age groups and confirmed that these metrics were 

comparable (see Supplementary Materials for details).   

 

Video data pre-processing. We extracted infants’ movement time series by using 

DeepLabCut (version 2.2.3; Mathis et al., 2018; Nath et al., 2019) in Python on videos 

filming the infant from the front (see Fig. 1). A trained coder (T.N.) labelled 18 body parts 

per individual (left eye, right eye, mouth, left shoulder, right shoulder, chest, left elbow, left 

wrist, left hand, right elbow, right wrist, right hand, left knee, left ankle, left foot, right knee, 

right ankle, right foot) in 10 frames randomly taken from the videos of each infant in each 

age group (n=24 [3m], 25 [6m] and 24 [12m]; 80% were used for training). We used a 

ResNet-50 neural network with default parameters for single subject detection for around 5-

17 training iterations (correcting labels of 5 frames per video of age groups) until test error 

plateaued. The test error was 8.27 (3-month-olds), 10.19 (6-month-olds), and 11.89 (12-

month-olds) pixels (image size was 1920 by 1080 pixels). The networks of each age group 

were used to analyse videos from the same age group. The (x and y) coordinates were then 

pre-processed using a custom code written in Python. Coordinates that were estimated with 

likelihood values 2 SD away from the mean probability per age group were set to NaN (i.e., 

not a number). These gaps in the coordinates of body parts were then recovered from 

predefined neighbouring body parts in a forward and backward approach (from head to feet, 

followed by feet to head). For example, if the left wrist was missing at t0, it was recovered 

using the position of the left elbow or the left hand at t0. Next, we assessed the correctness of 

the estimated body part displacements, i.e., demeaned coordinates. Specifically, we set the 

coordinates (either x or y) of each body part below or above 3 SD from the mean of all trials 

of each infant to NaN (outlier procedure). To further verify left- and right-hand 

displacements, we checked the distance between the wrist and hand, specifically using the 



   
 

   
 

same outlier procedure. The remaining NaN values were replaced using linear interpolation 

for each body part coordinate in time. 

Principal movements. We used Principal Component Analysis (PCA) to reduce 

dimensionality of the pre-processed movement data and at the same time to extract a set of 

interpretable Principal Movements (PM) that generalize across trials, conditions, and all 

infants (Bigand, Bianco, Abalde, & Novembre, 2024). To ensure that PCA captured only 

common movements across participants, rather than postural or anthropometric differences 

between them, we demeaned and standardized the body part vectors for each trial. 

Specifically, we subtracted the mean body part vector (averaged over time) from the body 

part vectors at each frame. Then, these demeaned body part vectors were divided by a global 

measure of standard deviation across time, which was computed by combining all body parts 

to preserve the variance differences between body parts. This allowed us to concatenate all 

trials from all participants into a single data matrix, with each trial contributing equally to the 

variance of the pooled matrix.  PMs were derived from the eigenvectors, and their 

corresponding scores obtained from the PCA applied to the data matrix: 

PM(t) = ci(t) wi 

where ci(t) is the ith PM score at time t and wi is the ith PM weight vector, or 

eigenvector (1 × 36). Each of the PMs reflects the trajectory of covarying body parts. We 

extracted 10 PMs that explained 79.7 % of the whole kinematic variance (Fig. 3). It is 

important to note that the PCA does not directly extract “real movements” but rather 

movement dimensions with large variances. PMs’ time series (score of each principal 

component) were low-pass filtered at 10 Hz. Next, we calculated the time series’ first-degree 

derivative to extract velocities and the absolute values of velocities to calculate movement 

quantities (e.g., Bigand et al., 2024; Górecki & Łuczak, 2013). Velocities include information 

on movement direction (below or above 0) and are, therefore, particularly useful to analyse 

correlations with other streams, such as music (detailed in the section on Granger Causality).  

Movement quantities only consider the amount of movement and can contribute to 

understanding descriptive differences between conditions, regardless of the movement 

direction. 

 

Data analyses 

EEG: Event-related potentials (ERP) analysis. EEG data were first lowpass filtered 

at 20 Hz (FIR-type filter) to specifically retain the part of the EEG signal carrying event-

related potentials. EEG data were epoched according to the onsets of the bass notes of the 



   
 

   
 

musical stimuli (which fell on the beat of the music in 15 out of 16 notes). Epochs included 

600 ms of data (-100 ms to +500 ms relative to tone onset – note that notes occurred every 

444 ms, so the last 56 ms of each epoch refers to the next tone). In preparation for further 

analysis, epochs were automatically examined to check if they were still contaminated by 

artifacts. Epochs were automatically excluded if the standard deviation of the analysed 

channels exceeded a voltage threshold of 100 μV within a 200 ms interval. All infants and 

adults contributed at least 165 clean epochs per condition (3m: M=340.09, SD=138.96; 6m: 

M=373.69, SD=144.07; 12m: M=361.47, SD=157.46; adults: M=399.95, SD=8.50). Epochs 

were baseline-corrected by subtracting the average voltage between -100 and 0 ms relative to 

the tone onset. Epochs belonging to the same experimental condition were averaged together. 

Event-related EEG amplitude modulations were compared using cluster-based permutation 

analyses (nPerm=1000; Maris & Ostenveld, 2007). Clusters were based on both temporal 

consecutiveness and spatial adjacency of EEG electrodes (3 cm distance). A cluster had to be 

composed of at least two consecutive time points with a p-value <.05 on at least two 

neighbouring EEG electrodes. The clusters were tested using a p-value of <.05 and one-tailed 

according to the above-detailed hypotheses. 

In additional analyses, we extracted the amplitude and latencies of the individual peak 

of the P1 component. Using two linear mixed-effects models, we tested whether amplitudes 

(dependent variable) and latencies (dependent variable) were dependent on age and condition 

(fixed and interaction effect) while assuming a random intercept for each participant. 

EEG: Auditory Steady State Response (ASSR) analysis. EEG data were segmented 

according to each condition (21 seconds long, 3 repetitions of the refrain) and averaged over 

segments of the same condition to enhance the ASSR (see Cirelli et al., 2016). Each segment 

was submitted to single-taper frequency transformation using a Hilbert taper to estimate 

frequencies between 0.5 and 5 Hz, with a frequency resolution of 0.25 Hz. Activity unrelated 

to the frequency of interest was removed by subtracting the average amplitude measured at 

neighbouring frequency bins (i.e., −5 to −3 bins and +3 to +5 bins). Performing this 

subtraction removes residual background noise around the frequency bin of interest, leaving 

only the activity directly related to the ASSR. Next, we extracted amplitudes at the beat-

related (2.25 Hz) frequencies and compared these across conditions.  

Movement: Granger Causality analysis. We conducted a Granger Causality 

analysis in R (function = causality, library = vars) to measure to what extent the envelope of 

the auditory stimuli predicted movement velocity over time and across conditions (see also 

Klein et al., 2022). To do so, we extracted the broadband amplitude envelope of the auditory 



   
 

   
 

stimuli using Hilbert transform. We then conducted Granger Causality analyses on amplitude 

envelopes predicting the PM velocity time series across different model orders (lags) ranging 

from 40 ms to 1000 ms. Granger Causality is based on the concept of prediction in the sense 

that if a time series Xt "Granger-causes" another time series Yt, then past values of Xt contain 

information that helps predict Yt beyond the information contained in past values of Yt alone. 

Granger Causality is particularly useful for capturing the temporal relationship between 

different time series that are characterized by sudden and transient bursts in activity (such as 

infant rhythmic movement; Thelen, 1979). As a sanity check, we also conducted a reverse 

analysis predicting music (i.e., the amplitude envelope of the auditory stimuli) from the PM 

velocity time series and verified that the resulting F-Values (averaged across all lags: 40 – 

1000 ms) were statistically lower compared to those yielded by the former (music-to-

movement) analysis. Indeed, the sanity check analysis reveals that predictions from audio 

stimuli to PM velocity time series (M=1.08, SE=0.009) were significantly higher than from 

PMs to audio stimuli (M=1.03, SE=0.009; χ²(1)=1669.2, p<.001, see Fig. 5).  

Movement: Event-related analysis. To examine whether the events (i.e., musical 

notes) comprised within the auditory stimuli would trigger event-related movements, we used 

an event-related approach (mirroring the ERP analysis discussed above). First, we segmented 

epochs of 700 ms (between -100 ms and +600 ms relative to peaks in the amplitude). Epochs 

were then averaged for each condition. Detailed results for this analysis are reported in the 

Supplements (see Fig. S2).  

Movement: Periodicity analysis. We analysed the movement periodicity using 

autocorrelation on the same epochs employed in the event-related movement analysis. This 

means we estimated the autocorrelation of the movement time series in a running window of 

3.5 s (length of 1 bar) with 25% overlap, mirroring the approach by Zenter & Eerola (2010). 

This approach provides an estimation of the periodicity of the PMs. We extracted the local 

maxima of the autocorrelation values in each window and fitted a normal distribution (Kernel 

density estimation) to the collection of these values for each condition. We used a bin width 

of 0.08 and estimated values between 300 and 600 ms according to the beat-related lag in our 

auditory stimuli. We then compared the beat-related lag (444 ms lag) across conditions. The 

results are reported in the Supplements (see Fig. S3). 

 

Statistical analyses.  

Analyses were conducted in R and included non-parametric tests or linear mixed-effects 

models (LMM; lme4 package). Each participant was modelled as a random intercept in all 



   
 

   
 

LMMs. Statistical significance was evaluated by likelihood-ratio tests conducted using Anova 

(car package), and post-hoc contrasts were run using emmeans (emmeans package). We 

controlled for increased Type I error from multiple comparisons, when necessary, using the 

false-discovery rate (Benjamini & Hochberg, 1995). The statistical significance level was set 

to α = 0.05.  
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Supplementary Materials: Development of Auditory and Spontaneous Movement Responses to 
Music over the First Postnatal Year 

 
Deviations from Pre-Registration 

We ran the majority of analyses according to the preregistration. There is, however, one deviation. 

Namely, we did not assess motor components (such as mu-oscillations) of infants’ neural responses to 

music in the current paper. We deemed these analyses too extensive for the current paper and will 

follow up on these analyses in future studies. 

 

EEG Electrode Configuration in infants and adults 
Infant electrode configuration included the following electrodes:  

VEOG, Fp1 (Ground), Fp2, F7, F3, Fz, F4, F8, FC3, FCz, FC4, FT7, FT8, C3, Cz, C4, T7, T8, CP3, 

CP4, P7, P3, Pz, P4, P8, TP9 (online Ref), TP10 (offline Ref), PO9, PO10, O1, Oz, O2 

 

The adult electrode configuration included the same electrodes as the infant configuration: 

VEOG, Fp1, Fp2, F7, F3, Fz, F4, F8, F4, F8, FC3, FCz, FC4, FT7, FT8, C3, Cz, C4, T7, T8, CP3, 

CP4, P7, P3, Pz, P4, P8, TP9 (offline Ref), TP10 (offline Ref), O1, Oz, O2. CMS, DRL were used for 

real-time referencing and grounding. 

The following electrodes from the infant configuration were not recorded in the adult 

configuration: PO9, PO10 

The following electrodes were recorded in the adult configuration but excluded in the analysis to 

make infant and adult electrode configurations comparable: Fpz, AF7, AF3, AFz, AF4, AF8, F5, F1, 

F2, F6, FC5, FC1, FC2, FC6, C5, C1, C2, C6, TP7, CP5, CP1, CPz, CP2, CP6, P9, P5, P1, P2, P6, 

P10, PO7, PO3, POz, PO4, PO8, Iz.  

 

EEG signal quality checks 

We conducted two analyses to compare the EEG data quality across age groups. First, we compared 

the number of trials that were included in the final analysis per age group. The trial number did not 

differ significantly across age groups (p > .361). Second, we calculated the SNR by dividing the EEG 

power at the frequency of interest (i.e., 2.25 Hz, matching the musical beat) by the background noise 

in surrounding bins (3rd to 5th bin, see ASSR methodology for further details; c.f., Christodoulou et 

al., 2018; Cirelli et al., 2014). This division yields a signal-to-noise ratio that can be averaged across 

conditions and compared across age groups to assess variations in signal quality. Here, we find that all 

three age groups show considerable SNR above 1. Further, even though there were descriptive 

differences, namely 3- and 6-month-old infants exhibited numerically higher SNR (3m: M=2.569, 

SD=1.104; 6m: M=2.743, SD=1.001) compared to 12-month-old infants (M=1.907, SD=0.749), the 

three age groups did not differ significantly (three t-tests, controlled for multiple comparison using the 



false discovery rate, p > .134). Together, these two analyses indicate that signal quality was 

comparable across age groups. 

 

  



Table S1. Continued acoustic characteristics of the musical stimuli 

Song name (Condition) ENVELOPE M±±SD (A.U.) ENVELOPE RANGE (A.U.) 

HOPP (MUSIC) 0.162±0.047 -0.014-0.290 

HOPP (SHUFFLED MUSIC) 0.161±0.054 -0.012-0.318 

HOPP  

(HIGH PITCH) 

0.160±0.046 -0.011-0.290 

HOPP  

(LOW PITCH) 

0.180±0.046 -0.007-0.317 

LOLA  

(MUSIC) 
0.147±0.067 -0.013-0.265 

LOLA (SHUFFLED MUSIC) 0.154±0.059 -0.005-0.305 

LOLA  

(HIGH PITCH) 

0.144±0.067 -0.013-0.265 

LOLA  

(LOW PITCH) 
0.160±0.069 -0.011-0.262 

Note. Hopp indicates the Hungarian playsong (“Hopp Juliska”), Lola indicates the Spanish playsong (“La vaca 

lola”). 

 

 

  



 

Figure S1. Event-related potentials (ERPs) elicited by the notes comprised within the music 

(orange) vs shuffled music (khaki) across four groups of participants from top to bottom: 3-, 

6-, 12-month-old infants (N=79) and adults (N=26). These control analyses included only 

epochs from the shuffled music condition in which the prior (left column), subsequent IOI 

(middle column) of bassline notes or prior and subsequent IOI of melody and bassline notes 

(right column) exceeded the median IOI duration (212 ms). The number of included epochs 

in the music condition was matched to the shuffled music condition. Grand-average ERPs 

were computed by averaging across electrodes within the significant cluster identified for 

each age group in the music condition based on the primary ERP analysis. Shaded areas 

indicate the standard error of the mean.  

  



Variance in Quantity of Movement  
To assess how infants’ movement patterns varied with musical structure, we analyzed the Variance 

in Quantity of Movement (QoM) using a mixed-effects model. Model outputs show a significant 

interaction between age groups and conditions (χ²(2)=8.36, p=.015), age groups and PMs 

((χ²(18)=242.50, p<.001), and main effects of age (χ²(2)=8.66, p=.013) and PMs (χ²(9)=288.59, 

p<.001). Post-hoc contrasts indicated that 12‑month‑old infants showed greater variability in QoM 

when listening to music compared to shuffled music (t(69.8)=3.09, p=.003). In contrast, 3- and 6-

month-olds’ QoM did not vary differently across music and shuffled music (p>.591). We also found 

no significant differences in QoM variance between musical stimuli that differed in pitch (p>.339).  

 
Granger Causality Statistics stratified by each PM and age group 

To assess whether the Granger Causality results were driven by specific PMs, we averaged the 

Granger F-values within the 160-200 ms lag window and entered these average values into a linear 

mixed effect model. This analysis yielded an interaction effect between age, PM, and condition 

(χ²(18)=31.13, p=.028, Fig. S1), while all other effects were not significant (p>.205). Post-hoc 

contrasts showed that in 3-month-old infants, music vs shuffled music drove mostly particular 

movements such as up-down rocking (PM5), arm pedaling (PM6), whole body wiggling (PM8), feet 

shuffling (PM9), and feet pedaling (PM10) (t(583)=2.02-3.42, p=.001-.044). For 6-month-olds, music 

drove mostly front-back rocking (PM1), side swaying (PM2), proto-clapping (PM3), feet kicking 

(PM4), arm pedaling (PM6), and whole body wiggling (PM8) (t(573)=2.06-4.13, p=.001-.047). In 12-

month-olds, music-driven movement mostly entailed front-back rocking (PM1), proto-clapping 

(PM3), arm pedaling, up-down rocking, feet kicking (PM7), whole body wiggling (PM8), and feet 

shuffling (PM9) (t(573)=1.97-4.87, p=.001-.049). Conversely, the same analysis, conducted on high- 

and low-pitch music conditions, yielded a main effect of condition (χ²(1)=47.87, p<.001) indicating 

that high-pitch music drove movement better than low-pitch music, and that was so across all PMs 

and age groups (t(67.6)=6.87, p<.001). Together, these results indicate that the principal movements 

specifically predicted by music, as opposed to shuffled music, grow in number and change in type 

with age: in younger infants (3 months), music best predicted lower-body movements, while in 6-

month-olds, music best predicted upper-body movements. By 12 months, music best predicted whole-

body movements. 

  



 

 
 
Figure S2. The figure displays the Granger Causality F-Values (y Axis) averaged across conditions 

and age groups for all PMs combined (top row left) as well as for individual PMs (1 to 10, left to 

right). The left columns include music (orange) vs shuffled music (khaki) contrasts for each age group 

(x-Axis: 3m, 6m, and 12m) while the right columns include high-pitch (blue) vs low-pitch (purple) 

contrasts. Across all three age groups movement velocity was more strongly predicted by music than 

shuffled music, and by high-pitch than low-pitch music, p<.001. These effects were particularly 

pronounced for movement patterns such as front-back rocking (PM1), proto-clapping (PM3), leg 

kicking (PM4) and whole-body wiggle (PM8), especially so at 6 and 12 months of age, as reflected in 

the variation of Granger F-values across PMs and ages.   



Movement responses  

 

 
Figure S3. The figure displays the z-scored velocity (a.u., y-axis) of infants’ movement responses over 

time (in seconds, x-axis) following peaks in the amplitude envelope of the stimuli (at time = 0) across 

different conditions. These peaks represent moments of increased acoustic intensity in the music, 

allowing visualization of how infants at three developmental stages (3 months, top row; 6 months, 

middle row; 12 months, bottom row) synchronized their movements with dynamic changes in the 

sound. Each subplot compares different conditions, with left plots comparing music (orange) to 

shuffled music (khaki) and right plots comparing high-pitch (blue) with low-pitch music (purple) 

conditions. None of the age groups show significant differences in velocities following peaks in the 

amplitude envelope of the auditory stimuli across conditions. Specifically, the results suggest that 

changes in sound intensity seem to evoke movement responses that vary in latency and might be 

inconsistent across trials (with the only exception of the 12-month-old infants, who appear to show a 

peak around 200 ms across several conditions). In this context, such varying responses are better 

captured by Granger Causality analysis. Perhaps because such predictive approaches are more 

powerful in picking up signals that might be either sporadic or variable in amplitude and/or sign 

across trials (Shojaie & Fox, 2022).  

 
  



Movement – Periodicity analyses 
Despite infants showing no consistent phase-locked movement responses, we tested further 

whether these responses were periodic and, if so, whether such periodicity differed across conditions. 

To do so, we used an auto-correlation approach described in a previous study reporting periodic 

movements in infants exposed to music (Zentner & Eerola, 2010). The analysis builds upon the 

distribution of the highest coefficients yielded by autocorrelation analyses (Fig. S3). We first 

examined whether the density distribution of movements was uniform (indicating non-periodic 

movements) or non-uniform (indicating periodic movements) across PMs for each age group. To do 

so, we performed a Kolmogorov-Smirnov test, which revealed a highly significant result (KS=0.838-

0.869, p<.001), indicating that the movements were periodic across all PMs and age groups. Next, we 

extracted the density value associated with the beat-related lag (444 ms) and compared these values 

across conditions averaged over all PMs per age group. Results indicated no significant differences in 

periodicity between music and shuffled music (ps>.120). All infants, therefore, demonstrated periodic 

motor responses to auditory stimuli, regardless of whether they listened to music or shuffled music. 

Additional analyses comparing the pitch conditions revealed no significant differences either 

(ps>.095).   



 

 
 
Figure S4. The graphs depict the density (y Axis) function of infants’ periodic movement to music 

(orange) vs shuffles music (khaki) as well as high-pitch (blue) vs low-pitch music (purple) averaged 

across all PMs at three developmental stages: 3 months (top row), 6 months (middle row) and 12 

months (bottom row). The lag in seconds is depicted on the x Axis and the dotted vertical line 

indicates the musical beat (444 ms lag). Infants’ movements tended to be rhythmic, however, not 

differently across conditions (i.e., the contrasts of density values across conditions were not 

significant). 

  



Links between neural and movement responses 
Additional exploratory analyses examined correlations between ERP amplitudes and 

movement measures using participant-averaged data. Mean ERP amplitudes of the P1 component 

time window, identified from cluster-based analyses, served as neural measures. Movement measures 

included (1) total movement quantity (mean velocity across the trial) and (2) Granger causality F-

values indicating music-to-movement coupling strength. Analyses contrasted music versus shuffled 

music conditions and high-pitch versus low-pitch conditions. Linear mixed-effects models were fitted 

with ERP amplitude as the response variable, either movement quantity or Granger causality F-values 

as fixed effects, and infants as random intercepts. Results revealed no significant correlations between 

ERP amplitude and movement quantity, irrespective of conditions (p>.124), and neither when 

comparing music versus shuffled music (p>0.111) or high versus low pitch (p>0.071). Similarly, no 

significant correlations were found between ERP amplitude and Granger causality F-values, 

irrespective of conditions (p>.164) and in either contrast (music vs. shuffled music: p>0.494; high vs. 

low pitch: p>0.175). These findings might suggest that neural sensitivity to musical structure and 

motor responsiveness develop independently within the first year of life, consistent with 

developmental theories positing perceptual sensitivity precedes motor coordination. 
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Supplementary material to Sing to me, baby:  

Infants show neural tracking and rhythmic movement to live and dynamic maternal 

singing 

Figure S1. Notations and lyrics of the lullaby (“Schlaf, Kindlein, schlaf”) and the 

playsong (“Es tanzt ein Bibabutzemann”).  



Note. The lullaby is a German children’s song in F-major, and we primed participants to sing the song at 100 

BPM using a metronome. The playsong is a German children’s song in G-Major, and participants were primed 

to sing the song at 170 BPM. Each verse in the songs lasted on average 14.6 s (lullaby) to 22.3 s (playsong), and 

mothers repeated the verse eight times in total, amounting to average audio lengths of 116.42 s (lullaby; range = 

96-207 s) and 178.25 s (playsong; range = 113-232 s).

Maternal depression symptoms and anxiety levels after singing 

All participating mothers completed the Edinburgh Postnatal Depression Scale 

(EPDS; Bergant et al., 1998), to control for depressive mood (M = 4.83, SD = 3.64, range  = 

0-13). As mothers showed subrange (≥13) depression symptoms, we were able to include all

dyads in subsequent analyses. Mothers also completed the State-Trait Anxiety Inventory

(STAI; Marteau & Bekker, 1992) upon the completion of the experiment, which captured

their low to medium anxiety levels after singing (M = 22.51, SD = 11.86, range = 1.43 -

47.13).

Removal of background noise including infant vocalizations 

We manually removed excerpts containing environmental noises from the audio recording 

using the software Audacity (https://www.audacityteam.org/). These excerpts included noises 

the infant made with their body (e.g., hitting against the highchair), vegetative noises (e.g., 

coughs and burps), infant vocalizations, and other background noise. The removed 

contaminations did not differ significantly between the lullaby and playsong conditions, both 

in frequency (V = 201, p = .52) and relative duration (V = 225, p = .89). Additionally, infant 

vocalizations did not differ significantly in frequency (V = 63.5, p = .07) or relative duration 

(V = 102, p = .17) between the lullaby and playsong conditions. To ensure inter-rater 

reliability, two independent observers coded manually removed audio excerpts on whether 

they contained infant vocalizations in 30% of all audios, yielding high inter-reliability with κ 

= .93. 



 

Assessment of infant exposure to music 

 We collected self-reported information on infant exposure to music: Families listened 

to music for an average of 14.38 hours/week (SD = 15.37, range = 2-70); mothers sang to 

infants for an average of 5.86 hours/week (SD = 4.79, range = 0-20); mothers made music to 

infants for an average of 3.72 hours/week (SD = 3.80, range = 0.5-21).  

Familiarity with ID songs 

We then tested whether infants’ familiarity with the songs was associated with how 

well they tracked or rhythmically moved to the ID songs. Familiarity (based on maternal self-

report) was not significantly related to the ID songs, p > .057. However, familiarity was 

related to infants’ rhythmic movement to the different types of ID songs. Results revealed a 

significant interaction effect between the type of ID song and infants’ familiarity with the 

playsong, Χ2(1) = 7.407, p = .006. Post-hoc analysis revealed that infants' difference in 

rhythmic movement to the two types of ID songs was more pronounced when they were more 

familiar with the playsong, contrast estimate = 0.096, SE = 0.035, 95% CI = [0.027 0.165]. 



Additional information on TRF 

The response model is defined as: 

 

where  is the neural response, across each channel included in the model (n), across all 

time points (t); w is the TRF that describes the linear transformation of the stimulus (s) to the 

ongoing neural response (t), and  is the residual error at each channel not explained by the 

model.  

The TRF (w) is estimated using the following equation: 

 
where  is the result of convolution between the zero-lagged neural response (r), and the 

speech stimulus at different time lags (S),  is the autocovariance matrix of the stimulus at 

each time lag which is divided out from the linear relationship modeled in . I is the 

identity matrix, and is the ridge parameter, which enforces a smoothness constraint on the 

output of the model (w). The output (w) is a time-windows by EEG channels matrix, 

containing the resulting TRF weights for each channel at each time window (see Crosse et al., 

2016 for further explanations). A constant term is included in the model by concatenating a 

column of ones to the left of S.  

A method of ridge regression is used to improve the reliability of the estimated 

coefficients and prevent over-fitting. Ridge regression works by introducing a bias term to the 

model, which penalizes TRF values as a function of their distance from 0 (Crosse et al., 

2016). This reduces over-estimation problems in w and reduces the likelihood of high 

frequency artifacts in the estimated TRF model (Fiedler et al., 2017; Haufe et al., 2014) .  



Gaze behavior 

Table S1 shows infants’ gaze behaviors towards their mother, the tablet, and away 

from both as proportions according to the respective lengths of the songs. We tested whether 

infant gaze behavior differed between the two conditions.  

Paired t-tests revealed that infants looked significantly longer at their mothers in the 

playsong condition in comparison to the lullaby condition, t(70) = 2.56, p = .013. Infants’ 

gaze at either the tablet or away did not significantly differ between conditions, p = .680, p = 

.452. 

Table S1. Descriptive statistics of infant’s gaze behavior 

Lullaby Playsong 

Variables M SD min max M SD min max 

Gaze towards mother’s 

face (%) 

12.38 12.10 0.00 70.39 15.73 15.42 0.00 76.08 

Gaze towards mother’s 

body (%) 

0.08 0.40 0.00 2.40 0.05 0.37 0.00 3.02 

Gaze towards tablet (%) 58.29 20.77 0.00 97.92 55.17 22.10 10.40 97.42 

Gaze away (%) 28.08 18.22 0.00 70.10 28.31 18.68 0 89.60 

Gaze and neural tracking 

Next, we examined whether neural tracking in both conditions was associated with 

the infants’ gaze behaviors. We, therefore, separately included the infants’ gaze behaviors 

during the playsong and lullaby (i.e., gaze towards mother, gaze at the tablet, and gaze away) 

as fixed and interaction effects, to examine whether differences in these features were related 

to differences in infants’ neural tracking of ID singing. Infants, who looked away for longer 

durations during the lullaby condition, also showed lower predictive accuracy, namely 

weaker neural tracking, estimate = -0.038, SE = 0.018, 95% CI = [-0.074 -0.004], Χ2(1) = 

11.94, p < .001. Infants' other-looking behavior was not related to how well they neurally 

tracked their mother’s singing, p > .090.   



Gaze and rhythmic movement 

We tested whether infants’ gaze behavior affected their rhythmic movement. We, 

however, found no significant associations between infant gaze and their rhythmic 

movement, p > .115. 



 

Trial duration and neural tracking 

Next, we analyzed whether infants’ neural tracking was associated with the length of the 

conditions. We, therefore, added trial durations as a fixed effect to the linear mixed effects 

model: 

Prediction accuracy ~ song type * trial duration + channel + (1 | ID) 

The model output revealed that trial duration was not significantly related to neural tracking, 

p=.604. While the interaction effect between song type and trial durations was significant 

(Χ2(1) = 5.85, p = .016, the estimated slopes were not robust (lullaby: emtrends = 0.002, SE = 

0.002, 95% CI = [-0.001 0.004]; playsong: emtrends = -0.003, SE = 0.002, 95% CI = [-0.006 

0.000].  

  

Trial duration and gaze behavior 

We also analyzed whether infants’ gaze behavior was associated with the length of the 

conditions. We, therefore, added trial durations as a fixed effect to the linear mixed effects 

model: 

Trial duration ~ song type * (gaze at mother + gaze at body + gaze away) + (1 | ID) 

The model output revealed that trial duration was not significantly related to infants’ gaze 

behavior to the mother, p = .959, but that trial duration was shorter when infants looked away 

for longer (Χ2(1) = 4.45, p = .035, emtrends = -51.812, SE = 28.832, 95% CI = -106.65 

2.784]. The effect was, however, not robust.” 



 

Additional Rhythmic Movement Analyses 

We also assessed rhythmic movements in Study 1 and Study 2 together and tested whether 

infants showed more rhythmic movement during the lullaby or the playsong condition in both 

studies. The generalized linear mixed-effects model output displayed a significant effect of 

song type, χ2(1) = 6.474, p = .011. Model estimates revealed that infants showed less 

rhythmic movement in the lullaby condition (estimate = 0.250, SE = 0.020, 95% CI = [0.212 

0.292]) than in the playsong condition (estimate = 0.296, SE = 0.022, 95% CI = [0.254 

0.341]). Given the methodological differences between studies (i.e., that infants were 

restrained in Study 1 but not in Study 2), we also find significant differences between studies, 

χ2(1) = 40.893, p < .001. As predicted, infants moved more in Study 2 (estimate = 0.410, SE 

= 0.031, 95% CI = [0.350 0.472] than in Study 1 (estimate = 0.168, SE = 0.020, 95% CI = 

[0.132 0.211]). The interaction effect was not significant, p=.860.  



 

Frequency information of EEG and sound envelopes 

 

Figure S2. Frequency plot of amplitude-modulated sound envelopes for ID songs averaged 

over each condition (lullaby = blue, playsong = red). Frequency is plotted on the x Axis, and 

power in dB/Hz is on the y Axis. The songs show beat- (1.9-3.4 Hz) and meter-related (0.5-

1.2 Hz) peaks relevant to the tempo of each condition in the spectrogram. 



 

 

Figure S3. Frequency plot of infants’ EEG power averaged over each condition (lullaby = 

blue, playsong = red) and all channels. Frequency is plotted on the x Axis and logged 

absolute power is on the y Axis. EEG power in the lullaby conditions shows a slight peak 

over the beat-related frequencies (averaged at 2.3 Hz), individual visualization of infants' 

EEG power, however, shows vast individual differences mirroring the individual differences 

in the acoustic features of the ID songs. 

 



 

Temporal response functions from “forward” models 

We computed the individual temporal response functions (TRF) for the maternal 

singing envelope in the playsong and lullaby conditions in forward models (see Figure S3). 

TRF were compared against zero. However, we found no significant clusters in the TRF. We 

assume that either longer and cleaner recordings or more infants are needed to extract a clear 

temporal response function (Crosse et al., 2021).   

 

Figure S4. Temporal response functions of infants’ EEG signal in frontal channels in the 

lullaby (blue) and playsong (red) condition. Time is depicted on the x Axis, and the weights 

are depicted on the y Axis. The weights were neither significantly different from zero nor 

between each other, p > .30. 
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Abstract
Infant-directed (ID) playsongs and lullabies have distinct acoustic properties connected to their 
functions to elicit and diffuse infant attention, respectively. In the performative context of ID singing, 
it is crucial that infants and caregivers adjust to each other for the songs’ function to be reached. 
In this study, we observed face-to-face ID singing between mothers and their 7-month-old infants 
and measured variability in maternal singing (i.e., spectral flux) around the onset of infant social 
gaze toward the mother. Results showed that maternal acoustic variability and infant attention 
were increased in playsongs over lullabies. Furthermore, mothers increased their acoustic variability 
both before and after the onset of infant social gaze, especially in playsongs. These findings suggest 
that mothers increase acoustic variability both to modulate and respond to infant attention, and 
infants respond to more variable singing by paying more attention to the singing caregiver. Thus, we 
propose that ID singing interactions are reciprocal, linking infant attentional displays and maternal 
acoustic responses.

Keywords
infant-directed singing, spectral flux, acoustic variability, infant attention, infant–caregiver interaction, 
cross-modal reciprocity

1Department of Developmental and Educational Psychology, Faculty of Psychology, University of Vienna, Austria
2Vienna Doctoral School Cognition, Behavior and Neuroscience, University of Vienna, Austria
3Neuroscience of Perception and Action Lab, Italian Institute of Technology, Italy
4Department of Developmental and Biological Psychology, Heidelberg University, Germany
5Department of Psychology, University of East London, UK
6Institute for Early Life Care, Paracelsus Medical University, Austria

Corresponding authors: 

Susanne Reisner, Department of Developmental and Educational Psychology, Faculty of Psychology, University of 
Vienna, Liebiggasse 5, Vienna 1010, Austria. 
Email: susanne.reisner@univie.ac.at

Gabriela Markova, Institute for Early Life Care, Paracelsus Medical University, Strubergasse 21, 5020 Salzburg, Austria.
Email: gabriela.markova@pmu.ac.at

1385676 MSX0010.1177/10298649251385676Musicae ScientiaeReisner et al.
research-article2025

Article

555676766567666666666666 6 MS 1100.1111777//1/1002029989866464992255513388556676 usicae ScientiaeMu Reisner et al.



2 Musicae Scientiae 00(0)

Infant-directed (ID) singing occurs in cultures all over the world (Mehr et al., 2019; Mehr & 
Krasnow, 2017; Trehub, 2019; Trehub et  al., 1993), and caregivers routinely engage in ID 
singing with their infants (Steinberg et al., 2021; Trehub et al., 1997). A growing number of  
studies have investigated the acoustic qualities of  ID singing and infant reactions to it sepa-
rately. Yet, it is likely that there is a reciprocal relationship between fine-grained acoustic 
changes in maternal singing and infant attention to achieve effective communication through 
different modalities. Here, we investigate the reciprocity between infant attention and maternal 
ID singing in a face-to-face interaction.

ID singing is especially attention-grabbing for infants (for a review, see Nguyen, Flaten, et al., 
2023), even more so than ID or adult-directed speech (Fernald et al., 1989; Nakata & Trehub, 
2004; Outters et al., 2020; Tsang et al., 2017). Infants look longer at mothers during ID sing-
ing than during speech (Nakata & Trehub, 2004), and they pay above-chance levels of  atten-
tion to caregivers’ eyes around the beat of  ID singing (Lense et al., 2022). Likewise, caregivers 
make ID singing engaging by modifying their facial expressions and eye movements (Español & 
Shifres, 2015) to highlight salient information to the beat of  their singing (Lense et al., 2022). 
Moreover, playful singing was found to be positively associated with dyadic gaze coordination 
during early face-to-face interactions (Markova et al., 2020). Thus, infant–caregiver musical 
interactions exhibit an intricate interplay of  attentional displays and mutual adjustment 
through multiple modalities.

Caregivers sing to their infants in different caretaking contexts. Depending on their commu-
nicative intent, they choose between two broad categories of  ID songs: Lullabies to soothe 
infants and divert attention, and playsongs to engage and direct infants’ attention (Cirelli et al., 
2020; Rock et  al., 1999; Trehub, 2018; Trehub & Trainor, 1998). These functionalities are 
linked to the ID songs’ acoustic qualities. Playsongs are usually sung faster, higher and more 
variable in pitch, and louder than lullabies (e.g., Cirelli et al., 2020; Rock et al., 1999; Trehub & 
Trainor, 1998).

For both song types, caregivers and infants need to reciprocally adjust to one another for the 
songs’ communicative function to be reached. In early social interactions, caregivers and 
infants coordinate their actions to engage and influence each other’s behaviour (Caulfield, 
1995; Jaffe et al., 1973). Infants direct caregiver attention through a variety of  vocal, affect, 
and gestural displays and, thus, play an active role in their social interactions from birth. 
Caregivers respond age-appropriately to infant displays (Caulfield, 1995). In the more perform-
ative context of  ID singing, caregivers may vary their songs over time to achieve this adjust-
ment (Nguyen, Reisner, et al., 2023). These variations can be captured by time-variant methods, 
such as spectral flux. Spectral flux measures both frequency and amplitude changes over time 
(Müller, 2015). Unlike methods focusing solely on amplitude changes, spectral flux thus cap-
tures spectro-temporal information in the audio stream (Weineck et al., 2022). This allows for 
detecting changes, such as pitch variations, that might be missed by examining the amplitude 
envelope alone. As a result, spectral flux provides a more accurate and holistic representation 
of  musical events since frequency and amplitude modulations can occur independently (Zeng 
et al., 2005). Interestingly, a previous study found that caregivers adjust the level of  spectral 
flux contained in ID speech to their preterm infant’s wakefulness state (Saliba et al., 2020). 
These findings suggest that increased spectral flux may prompt infants to interact with caregiv-
ers, and in contrast, lower spectral flux may help avoid overstimulating infants and create a 
calmer environment.

In this study, we examined the reciprocity between live maternal ID singing and 7-month-
old infants’ attention. More specifically, we assessed the spectral flux of  maternal ID singing of  
a playsong and a lullaby during a semi-naturalistic musical interaction around the onsets of  
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infant social gaze toward the mother. We aimed to test whether changes in ID singing drive 
changes in infant attention, changes in infant attention prompt changes in maternal singing, 
or changes in maternal singing and infant attention co-occur. Accordingly, we hypothesized 
that maternal singing would increase in variability (i.e., show increased spectral flux) around 
times of  increased infant attention (i.e., around the onset of  infant social gaze toward their 
mother), either as a tool to grab infant attention (if  occurring before infant social gaze onset) or 
as a reaction to infant attention (if  occurring after infant social gaze onset). We also hypothe-
sized that this interplay of  infant and caregiver adjustment is especially important in playsongs 
because of  their proposed function to attract attention (Cirelli et  al., 2020). Therefore, we 
expected playsongs to contain higher spectral flux than lullabies and to induce more instances 
of  infant social gaze.

Methods

Participants

We included 74 7-month-old infants (33 girls; age: 227.54 ± 6.96 days [M ± SD]) and their 
mothers (age: 34.58 ± 4.53 years) in the final sample. We decided on this age group because 6 
and 7-month-old infants are especially attracted to ID singing (Tsang et al., 2017). We excluded 
29 additional mother–infant dyads from the final analysis due to infant fussiness (n = 12), 
equipment failure (n = 5), no infant social gaze occurrence in both singing conditions (n = 2), 
maternal failure to follow instructions (n = 5), incomplete experiment (n = 4), and excessive 
background noise (n = 1).

We recruited participants from a database of  families who had expressed interest in and 
consented to be contacted about partaking in developmental research. These families were 
recruited in neonatal units at local hospitals, in mother–child activity classes, and through 
social media. All infants were born full-term (gestational age of  36–42 weeks), had a birth 
weight of  >2,500 g, and had no known developmental delays or neurological or hearing 
impairments. Infants grew up in predominantly German-speaking households. Mothers 
were highly educated, with 87.8% holding a university degree. Overall, 70.3% of  mothers 
were first-time mothers and had no other children, 17.6% had one older child, one mother 
had a same-aged twin, one mother had three older children, and 9.3% provided no infor-
mation on birth order. The primary caregiver was the mother in 68.9% of  participants, 
both mother and father in 13.5% of  participants, the mother and sibling in one partici-
pant, and 16.2% provided no information on the primary caregiver. 97.3% of  mothers 
reported playing and singing at least one hour every week in the presence of  their infant 
(M = 11.7 ± 11 h listened to, M = 6.7 ± 5.9 h sung). 56.8% of  mothers reported playing an 
instrument, and 20.3% sang in a choir or a band. The study was conducted according to 
the Declaration of  Helsinki, approved by the University of  Vienna’s ethics committee, and 
caregivers provided written informed consent.

Procedure

During the experiment, infants sat in a car seat or highchair while their mothers faced them, 
holding a tablet (Figure 1[a]). Infants were seated in a car seat or highchair, depending on elec-
troencephalogram (EEG) or infant motion measurements detailed in another paper (Nguyen, 
Reisner, et al., 2023), or according to their preference. Each dyad was observed during two 
experimental singing blocks (Figure 1[b]), the order of  which was randomized between 
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participants. A 60 s baseline preceded and followed each singing block (i.e., three baseline 
blocks in total), during which infants and mothers watched silent videos of  slowly moving 
shapes. We included this break to give dyads some rest between the two singing conditions. 
Mothers were asked not to talk during baseline blocks but to reciprocate their infants’ commu-
nicative attempts via facial expressions and gestures (e.g., smiling, pointing at the tablet). Per 
singing block, mothers were instructed to sing either a playsong or a lullaby. We selected well-
known songs per category, “Schlaf  Kindlein, schlaf ” (lullaby) and “Es tanzt ein Bibabutzemann” 
(playsong) (see Figure 1S in the Supplemental material). While mothers were given song 
recordings to prepare before the experiment, most of  them were familiar with the playsong 
(91%) and the lullaby (96%). On average, mothers sang both the playsong (M = 2.48, on a 
Likert scale from 1 = never to 5 = very often) and the lullaby (M = 2.77 on the Likert scale) mod-
erately often to their infants at home. To ensure that mothers differentiated between the two 
songs, they were prompted with a metronome before the start of  each singing block (i.e., play-
song = 170 bpm; lullaby = 100 bpm). The metronome was stopped before the mothers began to 
sing. Mothers were asked to sing to their infants as they naturally would, and thus they did not 
have to follow the particular score for each song. All mothers sang two repetitions of  four verses 
of  each song. During the singing conditions, the tablet played a calm aquarium video to help 
with infant fussiness. Three cameras (synchronized in VideoSyncPro, Mangold International) 
recorded the experiment at 25 Hz. This experiment was part of  a larger study, parts of  which 
have already been published in a previous publication (Nguyen, Reisner, et al., 2023).

Figure 1. (a) Experimental setup illustration. The infant sat facing their mother in a highchair or a car 
seat held by an experimenter (not depicted). (b) Procedure. Mothers sang two repetitions of four verses 
for each lullaby and playsong. During both conditions, a tablet held by the mother played a video of fish 
swimming in an aquarium. A 60 s baseline, during which the mother did not interact with the infant, 
preceded and followed each song, during which the tablet showed moving geometric shapes without 
sound.
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Measures

Maternal singing. Maternal singing was recorded using a microphone (Mangold International), 
which was placed on a table in the testing room approximately 1 m away from the mother and 
recorded at a 44,100 Hz sampling rate and pre-processed in Audacity. Excerpts containing 
audio clipping, infant vocalizations, vegetative noises, and other environmental noises were 
manually removed. We calculated the following acoustic characteristics of maternal singing 
per singing condition: spectral flux, amplitude, and pitch using a custom Python script 
(Python Software Foundation, 2023) and tempo using MIRtoolbox (Lartillot et al., 2008) in 
Matlab. We opted for tempo extraction via bpm in the MIRtoolbox over Python because of 
greater accuracy via manual checks. Amplitude was calculated via the amplitude envelope 
with the numpy package (Harris et al., 2020), pitch via F0 extraction with the parselmouth 
package (Jadoul et al., 2018). Spectral flux calculations are explained in the Spectrul flux sec-
tion. We calculated mean spectral flux, amplitude, and pitch as a manipulation check. The 
main analysis comprised fine-grained acoustic changes in spectral flux relating to infant social 
gaze onset. As an additional check, we calculated the same fine-grained acoustic changes for 
amplitude (sound envelope) and pitch (fundamental frequency), which can be found in the 
Supplemental material (Sections 2.4.S and 2.5.S).

Infant gaze. We coded infant gaze as a proxy for infant attention. We distinguished between 
social gaze (i.e., infant gaze toward the mother’s face) and non-social gaze (i.e., infant gaze ori-
ented away from the mother’s face or body). Only gaze behaviour with a duration of  at least 1 s 
was coded. All videos were coded frame-by-frame and without sound by two principal coders 
who coded N = 30 and N = 34 videos, respectively. For assessing inter-rater reliability, two addi-
tional independent coders coded N = 10 and N = 12 videos, respectively, resulting in double cod-
ing of  30% of  all videos. High inter-rater reliability of  a mean of   = .94 was obtained. Descriptive 
statistics of  where infants looked (social vs non-social gaze locations) can be found in Table 2S 
in the Supplemental material.

Spectral flux. Using custom Python code (see data availability below), we extracted spectral flux 
time series from root-mean-square-normalized audio in maternal singing 5 s before and after 
infant social gaze onsets. Spectral flux was computed as the sum over frequency (from 0 to 
3000 Hz) of  the absolute difference in amplitude between consecutive spectra, and in that 
regard, it measures both overall amplitude and frequency changes over time (Müller, 2015).

Spectral Flux t� � � � � � �
�
�

f Hz

Hz

X t f X t f
0

3000

0 01; ( . ; )

X(t; f) is the spectral amplitude at time t and frequency f computed over a .03 s window with 
.02 s overlap, resulting in spectral flux with a temporal resolution of  10 ms. The spectrum was 
limited to frequencies between 0 and 3000 Hz, as that band contains most of  the energy in 
speech and singing (Lindblom & Sundberg, 2007). We chose spectral flux as an index for acous-
tic saliency because (1) it measures acoustic variability over time, thus modelling acoustic nov-
elty (Müller & Chiu, 2024), and (2) it has been found to regress better onto brain signals than 
simple amplitude modulations, as it also measures changes over the frequency domain (Weineck 
et al., 2022). Especially regarding attention, we think that spectral flux offers a more holistic 
approach when measuring complex, multi-layered, musical stimuli (Bianco et al., 2025). We 
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excluded instances of  gaze onsets where more than 1 s were silent either before or after the gaze 
onset. This is a methodological consideration to exclude instances in which the spectral flux 
time series had to be silenced because of  other noise sources (environmental sounds, infant 
vocalizations). Changes in spectral flux were time-locked around gaze onset, synced, and aver-
aged per song type (lullaby or playsong). Surrogate data were simulated by generating 1,000 
random onset points per participant and song, excluding time points within 5 s of  a social look 
onset. In the permutation analyses, we compared 10 s windows around infant social gaze onset 
to surrogate 10 s windows from the same condition not containing infant social gaze. Similar 
analyses around the infant social gaze offsets can be found in the Supplemental material.

Statistical analysis

All statistical analysis was done in R Studio (Posit Team, 2024) and Python v3.11.5 (Python 
Software Foundation, 2023).

We conducted linear or generalized mixed-effects models (LME or GLME, respectively, depend-
ing on data distribution) to test for differences in social gaze frequency, absolute duration over the 
whole song, relative duration (i.e., infant social gaze duration relative to song duration), and indi-
vidual social look length between the two singing conditions. We calculated the relative duration 
of  infant social gaze because playsongs were significantly longer than lullabies, LME: 

2(1) = 138.41, p < .001, and square-root-transformed the relative duration of  looks to aid model 
convergence. In the Supplemental material (Section 2.2.S), we repeated all analyses with added 
seat type as a fixed effect to test for differences between infants seated in a car seat vs a highchair.

LME: Social gaze frequency ~ song type 1 ID| + � �

GLME: Social gaze absolute duration song type D ~  + 1 I|� �

LME: Square-root-transformed social gaze relative duration  ~  + song type 1 ID|� �

LME: Log10-transformed individual look length of social gazze ~ song type 1 ID| + � �

We also conducted linear mixed-effects models to look for differences in song length and dif-
ferences in mean spectral flux, amplitude, pitch, and tempo over the whole playsong and lull-
aby. In the Supplemental material (Section 2.2.S), we again added seat type as a fixed effect to 
compare infants seated in a car seat versus a highchair.

LME: Mean spectral flux ~ song type 1 ID| + � �

LME: Mean amplitude ~ song type 1 ID| + � �

LME: Mean pitch,~ song type 1 ID( | ) + 

LME: Mean tempo ~ song type 1 ID| + � �
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Next, we calculated Spearman correlations to test the correlation between infant social gaze 
frequency, absolute and relative duration, and mean spectral flux in playsongs and lullabies.

We conducted a permutation analysis with independent t-tests with custom Python code 
(see data availability below) to identify time points in the spectral flux 5 s before and after 
infant social gaze onsets (1,000 permutations, p-values below the 5th/2 percentile) in play-
songs and lullabies. Similar analyses for amplitude (sound envelope) and pitch (fundamental 
frequency), as well as for social gaze offsets, can be found in the Supplemental material. For 
each permutation (N = 1,000), a continuous surrogate p-value was obtained by randomly 
re-shuffling the labels of  the observed and surrogate look-related changes, and by then per-
forming a series of  t-tests for the spectral flux over the duration of  the look-related changes, 
resulting in a time series of  one truly observed p-value and 1,000 re-shuffled p-values. We 
then checked for each time point in the look-related changes whether the truly observed 
p-value was below the Bonferroni-corrected 5th percentile of  the re-shuffled p-values. We 
Bonferroni-corrected the 5th percentile for two testing categories (playsong and lullaby). We 
report significance for time points where the truly observed p-value is below the Bonferroni-
corrected re-shuffled 5th percentile.

Results

Gaze

We compared the frequency, absolute, and relative duration of  infant social gaze between play-
songs and lullabies to see if  infant attention differed between the two conditions (see Table 1). 
Infant social gaze differed significantly between conditions, with infants showing significantly 
more instances, 2(1) = 12.80, p < .001, longer absolute durations, 2(1) = 169.98, p < .001, 
longer relative durations, 2(1) = 3.94, p = .04, and longer individual looks, 2(1) = 11.27, 
p < .001, of  social gaze toward the mother during playsongs than during lullabies.

Maternal singing

We tested differences in the acoustic qualities of  maternal singing over the whole song (see 
Table 1) to check for mean acoustic differences between the two singing conditions as a manip-
ulation check. Overall, playsongs were significantly longer than lullabies, 2(1) = 138.41, 
p < .001, and contained significantly higher mean spectral flux, 2(1) = 118.17, p < .001, 
higher mean amplitude, 2(1) = 40.69, p < .001, and higher tempo, 2(1) = 54.76, p < .001, 
than lullabies. There was no significant difference between songs in mean pitch, 2(1) = .001, 
p = .981.

Next, we examined the association between spectral flux and infant social gaze. Mean spec-
tral flux positively correlated with absolute duration of  infant social gaze (S = 400,441, p = .033, 

 = .178). There was a trend for mean spectral flux to positively correlate with the frequency of  
infant social gaze (S = 412,579, p = .067,  = .153), and with its relative duration (S = 418,996, 
p = .095,  = .14).

Spectral flux dynamics around infant social gaze

To detect fine time scale acoustic changes in maternal singing and examine whether maternal 
singing increases in spectral flux around times of  increased infant attention, we tested 
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differences between original and surrogate maternal spectral flux 5 s before and after infant 
social gaze onset.

In playsongs, spectral flux was significantly higher than chance level (p < 5th/2 percentile) 
at time points from T −5.0 to T −2.0 s before, from T −1.0 s before to T + 2.0 s after, and from 
T + 3.0 to T + 5.0 s after infant social gaze onset (see Figure 2[a] and Table 4S in the Supplemental 
material). In lullabies, spectral flux was significantly lower than chance level (p < 5th/2 percen-
tile) at T −1.5 and T −1.0 s before infant social gaze onset, and significantly above-chance level 
(p < 5th/2 percentile) from T −3.5 to T −2.5 and T −0.5 s before, and at T + 0.5, T + 1.0, 
T + 2.0, and T + 3.0 s after infant social gaze onset (see Figure 2[b] and Table 4S in the 
Supplemental material). Similar analyses regarding amplitude (sound envelope) and pitch 
(fundamental frequency) can be found in the Supplemental material.

Discussion

This study investigated how mothers and their 7-month-old infants adjusted to each other 
while the mothers sang a playsong and a lullaby. We aimed to determine whether variability 
in maternal singing (i.e., spectral flux) changes to modulate or respond to infant attention 
(i.e., social gaze). Our study revealed two main results. First, infants showed more gaze toward 
their mothers during playsongs than during lullabies; correspondingly, playsongs contained 
higher spectral flux than lullabies. Second, mothers showed changes in spectral flux before 
and after the onsets of  infant social gaze in both types of  songs. Interestingly, mothers’ peaks 
in spectral flux as a response to infant attention were especially pronounced in playsongs. 
These results suggest a reciprocal relationship between mother and infant behaviour in a 
singing interaction.

Table 1. Descriptive statistics on infant social gaze during playsongs and lullabies and acoustic qualities 
of maternal playsongs and lullabies. Absolute gaze frequency, relative and absolute gaze duration refer to 
means over the whole condition, duration of individual looks refers to the descriptive statistics of single 
looking events. Significant condition differences are highlighted in bold (N = 74).

Playsong Lullaby

 M SD min max M SD min max

 Infant social gaze

Absolute frequency 6.93 4.00 1.00 17.00 5.50 3.25 1.00 17.00
Relative duration (%) 15.85 14.63 0.01 68.36 12.71 11.69 0.01 71.38
Absolute duration (s) 27.55 27.37 1.20 129.00 17.27 15.66 1.08 89.00
Duration of 
individual looks (s)

4.00 5.37 1.00 73.36 3.21 3.52 1.00 36.34

 Maternal singing

Song duration (s) 183.89 25.11 134.00 238.00 146.91 24.94 96.00 207.00
Mean spectral flux 
(a.u.)

395.97 109.81 137.41 672.91 205.09 103.71 38.24 668.55

Mean amplitude 
(a.u.)

138.84 28.10 40.91 187.33 108.61 29.54 26.34 231.51

Mean pitch (Hz) 249.86 35.44 154.34 337.02 249.77 39.60 153.88 430.14
Mean tempo (bpm) 162.82 22.03 109.95 199.65 136.13 25.38 95.98 199.63
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Our finding that maternal spectral flux increased before the onset of  infant social gaze, espe-
cially during playsongs, corroborates previous research showing that caregivers adjust their ID 
speech by producing rising pitch contours to gain infant eye contact (Fernald et al., 1989; Stern 
et al., 1982). Thus, mothers may have tried to gain their infants’ attention by increasing the 
variability in their singing during playsongs more so than during lullabies. This interpretation 
is further supported by our findings that infants looked longer and more frequently toward their 
mothers during playsongs than lullabies. Moreover, higher spectral flux across conditions cor-
related with higher absolute looking duration and marginally correlated with higher relative 
looking duration and frequency. Indeed, playsongs were found to have higher spectral flux than 
lullabies, as indicated by more acoustic variability and changes over time. This increased acous-
tic variability induces auditory uncertainty, which in turn might attract infant attention (Kidd 
et al., 2014; Poli et al., 2020). Therefore, the more variable playsong was arguably more capti-
vating for the infants, both gaining and maintaining their attention. On the other hand, lulla-
bies could have been acoustically more predictable to fulfil their soothing function (Nguyen, 
Reisner, et al., 2023; Schwartz, 2004) and thus did not elicit as much attention from the infants. 
This interpretation is further supported by previous research finding that infants focus their 
attention more inward during lullabies than during playsongs (Rock et al., 1999). Perhaps even 
below-baseline arousal responses could further play into this pattern (Cirelli et al., 2020).

Maternal acoustic responses after the onset of  infant attention also depended on song type. In 
playsongs, mothers reciprocated infant attention by increasing spectral flux almost continuously 
from around 0 to 2 s and 3 to 5 s after infant social gaze onset, possibly to maintain infant attention. 
Presumably, infant social attention motivated mothers to keep infants engaged with an entertain-
ing and captivating performance, in line with the presumed function of  playsongs (Cirelli et al., 
2020). In line with these results, previous research findings indicate that caregivers variably adjust 
their pitch contours in ID speech to maintain infant attention (Stern et al., 1982) and show more 
frequent and adaptive ID speech depending on whether they can observe their infant’s reciprocal 
response (Braarud & Stormark, 2008; Lam & Kitamura, 2012; Nencheva & Lew-Williams, 2022; 
Snow, 1972). In our study, we also found more reciprocal responses in the playsong condition. 
However, ID singing might be more constrained regarding variable pitch changes than ID speech is 

Figure 2. Mean spectral flux playsongs (a) and lullabies (b) 5 s before and after infant social gaze onset 
(dashed line), depicting instances of infant social gaze toward the mother (green) vs surrogate time points, 
which excluded time points within 5 s of an infant social gaze onset (blue). Horizontal orange lines indicate 
time points where the spectral flux around infant social gaze was significantly above or below the spectral 
flux of non-social surrogate looks.
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(Menn et al., 2022). This constraint on pitch is shown in our supplementary analyses. Amplitude 
might have been the greater driving factor for variable modulation. In lullabies, on the other hand, 
mothers did not alter their variability as much as during playsongs after infant social gaze onset, 
showing very few peaks in spectral flux and even dips (i.e., less variability than in the surrogate 
data). Mothers might have performed lullabies with lower variability to conform to the song’s 
intended soothing function. This pattern of  results is aligned with a study examining sleeping new-
borns, showing that caregivers reduce their spectral flux during ID speech to reduce stimulation 
and increase spectral flux to animate and interact with their newborn infants (Saliba et al., 2020). 
Further studies could probe into this functionality of  ID singing in a more systematic way.

Findings from Bainbridge et al. (2020) suggest that infants show functional differences in their 
responses even to pre-recorded songs, indicating that reciprocity may not be strictly necessary for 
some aspects of  song function. However, social interaction may serve as an additional driving force 
in shaping these responses. Specifically, live interactions introduce a feedback loop in which moth-
ers dynamically adapt their singing based on infant cues, amplifying the salience of  these responses 
through social contingency. Prior research on audience effects has demonstrated that live interac-
tions often elicit stronger and more engaged responses compared to recorded stimuli, emphasizing 
the importance of  social presence in communication (Kragness et al., 2023; Rochat, 2001). In this 
framework, infants are not merely passive recipients of  maternal singing but active participants in 
a reciprocal exchange (Beebe et al., 2016). Furthermore, the extent to which reciprocity influences 
song function may depend on the type of  song—different song types could elicit distinct patterns 
of  adaptation from both mother and child. Thus, while reciprocity may not be an absolute require-
ment for song function to be realized, it likely enhances its communicative and regulatory effects, 
reinforcing the interactive nature of  caregiver–infant singing.

Limitations

This study was not without limitations. First, the setup with the tablet was not ideal. While it 
made it easier to keep infants calm, it could have been distracting to the interaction, and moth-
ers might have had to compete with the tablet for their infants’ attention. However, infants were 
also looking at the surrounding environment for about a third of  the song duration (see Table 
2S in the Supplemental material). The tablet was a methodological consideration to reduce 
infant motion, as we collected infant EEG data in a subset of  infants, the results of  which can be 
found in a previous publication (Nguyen, Reisner, et al., 2023). To keep the study design con-
sistent, we opted to keep the tablet in all test sessions. For future studies, we would discourage 
the use of  a tablet if  compatible with infant compliance.

Second, technical limitations did not allow us to delve into acoustic variability around beats. 
We needed a sliding window for our analysis, which was not possible with the MIR toolbox beat 
extraction, which we chose over Python for greater accuracy. Recent work has shown that the 
beats of  ID singing play an important role both in caregiver behavior (via highlighting salient 
information) and in infant attentional responses (Lense et al., 2022). Investigating maternal 
acoustic variability around beats would be an interesting future direction, but we advise to 
manually code the beats of  live singing to ensure maximum accuracy.

Third, this article does not explore the multimodality of  maternal signals, such as gestures, 
facial expressions, or touch. Previous research has shown the importance of  eye movements 
and facial expressions in ID singing (Español & Shifres, 2015; Lense et  al., 2022). Future 
research could expand our study on the interactive nature of  ID singing by combining acoustic 
measures with infant and caregiver behavioral measures to get more insight into the multimo-
dality and possible reciprocity of  ID singing.
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Fourth, we did not explore trial effects due to not having enough looks per verse. This could be 
an interesting future direction to uncover where in the song infants paid the most attention.

Furthermore, while mothers sang live to their infants in this study, they were still asked to 
sing on cue. Especially the lullaby might not have fit the mood of  awake infants. Even though 
there are still significant differences in both maternal acoustic qualities and infant attention, 
future studies could prioritize even more naturalistic settings, for example, by letting caregiv-
ers choose songs that fit their infant’s mood. Recruiting a more diverse sample of  caregivers 
and infants would further enhance the generalizability of  results.

Conclusion

In social interactions, infants are not merely passive observers but are, in fact, actively 
shaping their interactions (Begus & Southgate, 2018), especially when caregivers recipro-
cate their social bids (Phillips et al., 2023). This study is the first to show this reciprocity 
between infants and caregivers in a singing context. Infants not only responded to mater-
nal singing by paying more attention to their variable singing, but mothers also adjusted 
acoustically to their infants’ social gaze by changing the variability of  their singing. This 
was particularly the case during playsongs. These findings substantiate the distinct func-
tions of  ID songs—exciting and attention-grabbing playsongs and calming lullabies. Cross-
modal reciprocity between caregivers’ and infants’ social behaviours supports engaging 
infants and might amplify song function, thus contributing to infant communicative 
development.
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SUPPLEMENTARY MATERIAL 1 

 2 

1. S. Methods 3 

1.1. S. Infant-directed songs 4 

We selected the German lullaby “Schlaf, Kindlein, schlaf” and the playsong “Es tanzt 5 

ein Bibabutzemann”. Each verse was repeated eight times with lyrical variations, resulting in 6 

average audio lengths of 148.19 s for the lullaby (range = 96-207 s) and 183.92 s for the 7 

playsong (range = 134-238 s). 8 

 9 

Figure 1S. Notations and lyrics of the lullaby (“Schlaf, Kindlein, schlaf”) and the playsong 10 

(“Es tanzt ein Bibabutzemann”). Note that mothers were not asked to follow the notations 11 

exactly. 12 

 13 

1.2. S. Audio Preparation 14 

We manually removed infant vocalisations, vegetative noises (e.g., coughs and 15 

burps), background noise (i.e., infants hitting against the highchair, metronome ticks), and 16 

audio clipping from the audio files using the software Audacity 17 

(https://www.audacityteam.org/). To remove audio clipping, i.e., distorted audio due to audio 18 

input of too high amplitude, we first detected audio signals of intensities above the 0.95 19 

percentile with a custom Matlab script. We then manually checked these sections for 20 

distorted waveforms, which we silenced. For descriptive statistics on the silenced sections, 21 

see Table 1S. Two independent observers coded manually removed audio excerpts in 30% of 22 
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all audios on whether they contained infant vocalisations, yielding high inter-rater reliability 23

with κ = 0.93. The removed contaminations did not differ significantly between the lullaby 24

and playsong conditions, both in frequency (V = 1055, p = .147) and relative duration (V = 25

1323, p = .470). 26

27

Table 1S. Descriptive statistics on silenced sections in maternal playsongs and lullabies (N = 28

74).29

Silenced Sections 

Playsong Lullaby 

M SD min max M SD min max

Frequency 20.12 17.16 0 89 17.3 14.55 0 65 

Relative 

Duration (%)

9.1 9.1 0 38.1 8.7 8 0 35 

Absolute 

Duration (s)

16.46 16.57 0 71.6 12.89 12.59 0 60.07 

30

1.3. S. Spectral Flux31

32

Figure 2S. Illustration of spectral flux. (A) shows the acoustic waveform over time, with the 33

orange and blue windows indicating respectively the current time window and the previous 34

time window. (B) Current and previous spectra are computed during the time window from 35

(A) using an FFT. Spectral flux is visualised as the green area between the two curves and is 36

formally computed as the frequency-wise difference between consecutive spectra.37

38

39

40
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2. S. Results41

2.1. S. Infant Gaze42

43

Figure 3S. Infant social gaze durations and frequency in the two singing conditions (N = 74). 44

45

Table 2S. Descriptive statistics on infant proportional looking duration. Looking 46

behaviour was distinguished between social gaze (towards the mother’s face), non-social 47

gaze (towards the mother’s body, the tablet, away from the mother’s face or body), and not 48

codable (N = 74).49

Infant Gaze 

Playsong Lullaby 

M SD min max M SD min max

Mother’s face
(%)

14.9 14.4 0.0 69.1 11.7 12.4 0.0 70.4 

Mother’s body
(%)

0.1 0.5 0.0 3.4 0.1 0.3 0.5 2.2 

Tablet (%) 56.2 20.8 12.3 97.4 59.9 19.9 16.2 97.9 

Away (%) 28.1 16.9 0.0 64.4 27.5 18.3 0.0 70.1 

Not Codable

(%)

0.2 1.3 0.0 10.8 0.3 1.9 0.0 16.0 

50
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Latencies between individual occurrences of infant social looks were variable (see 51 

Table 3S). Over both conditions, 187 looks occurred within 5 seconds before the next look 52 

onset, and 550 looks occurred after 5 seconds before the next infant social gaze onset. 53 

 54 

Table 3S. Descriptive statistics on latencies (in seconds) between individual infant social 55 

looks (N = 74).  56 

 Infant Gaze 

 Playsong Lullaby 

 M SD min max M SD min max 

Latency (s) 20.48 50.31 0.76 700.96 21.71 36.01 1.1 455.72 

 57 

 58 

2.2. S. Effects of Seat Type 59 

To test the effect of seat type (car seat vs highchair), we added seat type as a fixed effect to 60 

our models: 61 

LME: Social gaze frequency ~ song type + seat type + (1|ID) 62 

GLME: Social gaze absolute duration ~ song type + seat type + (1|ID) 63 

LME: Square-root-transformed social gaze relative duration ~ song type + seat type  64 

+ (1|ID) 65 

LME: Log10-transformed individual look length of social gaze ~ song type + seat type 66 

 + (1|ID) 67 

LME: Mean spectral flux ~ song type + seat type + (1|ID) 68 

LME: Mean amplitude ~ song type + seat type + (1|ID) 69 

LME: Mean pitch, ~ song type + seat type + (1|ID) 70 

LME: Mean tempo ~ song type + seat type + (1|ID) 71 

 72 

Seat type (car seat vs highchair) did not have a significant effect on infant gaze 73 

frequency (χ2(1) = .743, p = .389), absolute duration (χ2 (1) = .691, p = .406), relative 74 

duration (χ2 (1) = 2.63, p = .105), or duration of individual social looks (χ2 (1) = 2.736 , p = 75 

.1). Seat type also did not have a significant effect on song length (χ2 (1) = . 443, p = .506), 76 

mean spectral flux (χ2 (1) = .677, p = .411), mean amplitude (χ2 (1) = .022, p = .882), mean 77 

tempo (χ2 (1) = 1.242, p = .265), or mean pitch (χ2 (1) = .15, p = .7).  78 
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 79 

2.3. S. Permutation Analyses - Spectral Flux  80 

2.3.1. S. Spectral Flux Dynamics Around Infant Social Gaze Onset 81 

Table 4S. Exact time points of above-chance changes in spectral flux in playsongs and 82 

lullabies from five seconds before (T -5.0) to five seconds after (T +5.0) the onset of infant 83 

social gaze, chunked into half-second intervals. Time points where the observed spectral flux 84 

was significantly below the mean surrogate spectral flux are marked with an asterisk (*). The 85 

total length (in seconds) of above- or below-threshold changes of every half-second interval 86 

is noted in bold and in curly brackets (N = 74). 87 

Time (s) Playsongs 

{Length (s)} 

Lullabies 

{Length (s)} 

T -5.0 [-4.88 – -4.85] 

{0.04} 

 

T -4.5 [-4.29 – -4.26]  

{0.09} 

 

T -4.0 [-4.09 – -4.05], [-3.76 – -3.75]  

{0.02} 

 

T -3.5 [-3.74 – -3.73] [-3.27 – -3.25] 

{0.05} 

[-3.35 – -3.34] 

{0.02} 

T -3.0 [-3.24 – -3.22], [-3.04 – -3.03], [-

2.99 – -2.98], 

 [-2.94 – -2.90] 

{0.12} 

[-3.22 – -3.19], [-3.17 – -3.11] 

{0.11} 
 

T -2.5 [-2.49 – -2.44],[-2.42 – -2.3], [-

2.26] 

{0.20} 

[-2.72 – -2.63] 

{0.10} 
 

T -2.0 [-1.94 – -1.92] 

{0.03} 

 

T -1.5  [-1.25]* 

{0.01}* 

T -1.0 [-1-23 – -1.17], [-0.94] 

{0.08} 

[-1.24 – -1.20]* , [-1.18 – -1.13]* 

{0.11}* 

T -0.5 [-0.55 – 0.52], [-0.42] 

{0.05} 
[-0.49 – -0.47] 

{0.03} 



The Reciprocal Relationship between Maternal Infant-directed Singing and Infant Gaze 

 

 

T 0 [0.11 – 0.13] 

{0.03} 

 

T +0.5 [0.41 – 0.49], [0.71 – 0.73] 

{0.12} 

[0.27 – 0.29], [0.42], [0.52 – 0.53] 

{0.06} 

T +1.0 [0.75 – 0.8], [0.89 – 1.06], [1.08 – 

1.24] 

{0.41} 

[0.83 – 0.89] 

{0.07} 
 

T +1.5 [1.25 – 1.29], [1.31 – 1.48], [1.68 

– 1.74] 

{0.30} 

 

T +2.0 [1.75 – 1.77], [1.91], [1.93 – 1.94], 

[1.99 – 2.11] 

{0.19} 

[2.12 – 2.13] 

{0.02} 

T +3.0 [2.83], [3.05 – 3.08] 

{0.05} 
[2.93 –3.03] 

{0.11} 

T +3.5 [3.35 – 3.36], [3.47 – 3.6], [3.64 – 

3.70], [3.73] 

{0.24}  

 

T +4.0 [3.76], [4.06 – 4.13], [4.17 – 4.19] 

{0.12} 

 

T +4.5 [4.36 – 4.39], [4.41 – 4.65] 

{0.29} 

 

T +5.0 [4.79 – 4.80], [4.89 – 4.92] 

{0.06} 

 

 88 

2.3.2. S. Spectral Flux Dynamics Around Infant Social Gaze Offset 89 

In playsongs, spectral flux was significantly higher than chance level (p <5th/2 90 

percentile), at T -5.0 seconds before and from T -4.0 seconds before to T +5.0 seconds after 91 

infant social gaze offset, with only very short periods of above-chance level spectral flux 92 

form T 0 to T + 2.0 seconds after infant social gaze offset (see Fig. 4SA and Tab. 5S). In 93 

lullabies, only very short periods of significantly higher or lower than chance level (p <5th/2 94 

percentile) spectral flux occurred. Spectral flux was lower than chance level at T -5.0 and T -95 

3.0 seconds before infant social gaze offset, and higher than chance level at T -4.0 and T -2.5 96 
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seconds before, and at T +1.0, T +2.5, and T +4.0 seconds after infant social gaze offset (see 97 

Fig. 4SB and Tab. 5SB). 98 

 99 

 100 

Figure 4S. Mean spectral flux playsongs (A) and lullabies (B) 5 s before and after infant 101 

social gaze offset (dashed line), depicting instances of infant social gaze towards the mother 102 

(green) vs surrogate time points which excluded time points within 5 s of an infant social 103 

gaze offset (blue). Horizontal orange lines indicate time points where the spectral flux around 104 

infant social gaze was significantly above or below the spectral flux of non-social surrogate 105 

looks (N = 74). 106 

 107 

Table 5S. Exact time points of above-chance changes in spectral flux in playsongs and 108 

lullabies from five seconds before (T -5.0) to five seconds after (T +5.0) the offset of infant 109 

social gaze, chunked into half-second intervals. Time points where the observed spectral flux 110 

was significantly below the mean surrogate spectral flux are marked with an asterisk (*). The 111 

total length (in seconds) of above- or below-threshold changes of every half-second interval 112 

is noted in bold and in curly brackets (N = 74). 113 

Time (s) Playsongs 

{Length (s)} 

Lullabies 

{Length (s)} 

T -5.0 [-4.99  – -4.93], [-4.85 – -4.83] 

{0.10} 

[-4.79]* 

{0.01}* 

T -4.0 [-3.84], [-3.75] 

{0.02} 

[-4.22  – -4.21], [-3.8] 

{0.03} 

T -3.5 [-3.74  – -3.47], [-3.44 – -3.43],  

[-3.27 – -3.25] 

{0.33} 
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T -3.0 [-3.24  – -3.06] 

{0.19} 

[-3.0  – -2.99]* 

{0.02}* 

T -2.5 [-2.55  – -2.47] 

{0.09} 

[-2.33  – -2.29] 

{0.05} 

T -2.0 [-2.24 – -2.13], [-1.96 – -1.88], 

[-1.85 – 1.83] 

{0.24} 

 

T -1.5 [-1.63  – -1.49], [-1.47 – -1.39], [-

1.36 – -1.35] 

{0.26} 

 

T -1.0 [-1.17  – -1.11], [-1.03], 

[-0.9 – -0.84], [-0.82 – -0.79] 

{0.19} 

 

T -0.5 [-0.74  – -0.63], [-0.5 – -0.39], 

[-0.37 – -0.25] 

{0.37} 

 

T 0 [-0.24 – -0.22] 

{0.03} 

 

T +0.5 [0.41 – 0.42], [0.52] 

{0.03} 

 

T +1.0 [0.79] 

{0.01} 

[0.99 – 1.01], [1.05 – 1.07] 

{0.06} 

T +1.5 [1.3 – 1.33], [1.38] 

{0.05} 

 

T +2.0 [2.01 – 2.03], [2.05], [2.13 – 2.15] 

{0.07} 

 

T +2.5 [2.46 – 2.58], [2.74] 

{0.14} 
[2.28 – 2.29], [2.32 – 2.33], [2.35 – 

2.36] 

{0.06} 

T +3.0 [2.75 – 2.81], [2.83 – 2.84], 

[3.03 – 3.04], [3.16 – 3.24] 

{0.20} 

 

T +3.5 [3.25 – 3.31], [3.59] 

{0.08} 
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T +4.0 [3.75 – 4.21] 

{0.47} 

[4.20] 

{0.01} 

T +4.5 [4.25 – 4.27], [4.32 – 4.34], 

[4.62 – 4.66], [4.69 – 4.70] 

{0.13} 

 

T +5.0 [4.94 – 4.95], [4.99] 

{0.03} 

 

 114 

 115 

2.4. S. Permutation analyses - Amplitude (Sound Envelope) 116 

2.4.1. S. Amplitude Dynamics Around Infant Social Gaze Onset 117 

In playsongs, amplitude was significantly higher than chance level (p <5th/2 118 

percentile) from T -4.5 to T -3.0, from T -2.0 to T -0.5 seconds before, from T +0.5 to T +2.0, 119 

and at T +3.5, T +4.5 and T +5.0 seconds after infant social gaze onset (see Tab. 6S and Fig. 120 

5SA). In lullabies, amplitude was significantly lower than chance level (p <5th/2 percentile) 121 

at T -1.5 and T -1.0 seconds before infant social gaze onset and significantly higher than 122 

chance level (p <5th/2 percentile) at T -3.5, T -2.5 seconds before, and at T +0.5, T +1.0, and 123 

T +4.5 seconds after infant social gaze onset (see Tab. 6S and Fig. 5SB). 124 

In comparison to spectral flux, there seem to be some overlaps, like above-chance 125 

increases in both spectral flux and amplitude envelope around T + 1.0. However, spectral flux 126 

seems to have more above-chance changes. This reflects that spectral flux is comprised of 127 

more acoustic qualities than just the amplitude envelope. 128 

 129 

Figure 5S. Mean amplitude of playsongs (A) and lullabies (B) five seconds before and after 130 

infant social gaze onset (dashed line), depicting instances of infant social gaze towards the 131 

mother (green) vs surrogate time points which excluded time points within 5 s of an infant 132 

social gaze onset (blue). Horizontal orange lines indicate time points where the amplitude 133 
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during infant social gaze was significantly above or below the amplitude of surrogate looks 134 

(N = 74). 135 

 136 

Table 6S. Exact time points of above-chance changes in amplitude in playsongs and lullabies 137 

from five seconds before (T -5.0) to five seconds after (T +5.0) the onset of infant social 138 

gaze, chunked into half-second intervals. Time points where the observed spectral flux was 139 

significantly below the mean surrogate amplitude are marked with an asterisk (*). The total 140 

length (in seconds) of above- or below-threshold changes of every half-second interval is 141 

noted in bold and in curly brackets (N = 74). 142 

Time 

(beats) 

Playsongs 

{Length (s)} 
Lullabies 

{Length (s)} 

T -4.5 [-4.47 – -4.35], 

[-4.32 – -4.31] 

{0.15} 

 

T -4.0 [-4.18 – -4.13], 

[-4.11 – -4.09],  

[-4.05 – -4.04] 

{0.11} 

 

T -3.5 [-3.28 – -3.25] 

{0.04} 

[-3.34] 

{0.01} 

T -3.0 [-3.21], [-2.90] 

{0.02} 

 

T -2.5  [-2.68 – -2.64] 

{0.05} 

T -2.0 [-1.96 – -1.89] 

{0.08} 

 

T -1.5 [-1.31], [-1.27], [-1.25] 

{0.03} 

[-1.44]*, [-1.27]*, [-1.25]* 

{0.03}* 

T -1.0 [-1.23 – -1.15], 

[-1.12 – -1.11], 

[-1.09 – -1.08], [-1.06], 

[-0.94] 

{0.15} 

[-1.22 – -1.08]*, [-1.03]*, 

[-0.99 – -0.96]* 

{0.20}* 

T -0.5 [-0.46 – -0.42] 

{0.05} 

 

T +0.5 [0.35 – 0.40], [0.42 – 0.47] 

{0.12} 

[0.43 – 0.45] 

{0.03} 
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T +1.0 [0.96 – 1.24] 

{0.28} 

[0.81], [0.83 – 0.88] 

{0.07} 

T +1.5 [1.25 – 1.29], [1.31 – 1.40], 

[1.70 – 1.74] 

{0.20} 

 

T +2.0 [2.04], [2.06 – 2.10] 

{0.06} 

 

T +3.5 [3.37], [3.52 – 3.57] 

{0.07} 

 

T +4.5 [4.47 – 4.48], [4.50 – 4.63] 

{0.16} 

[4.35] 

{0.01} 

T +5.0 [4.90] 

{0.01} 

 

 143 

2.4.2. S. Amplitude Dynamics Around Infant Social Gaze Offset 144 

In playsongs, amplitude was significantly higher than chance level (p <5th/2 145 

percentile) from T -4.0 seconds to T 0 seconds before, and from T +2.5 to T +4.5 seconds 146 

after infant social gaze offset (see Tab. 7S and Fig. 6SA). In lullabies, amplitude was 147 

significantly lower than chance level (p <5th/2 percentile) at T -3.5, T -3.0, T -0.5 seconds 148 

before, and at T +0.5 seconds after the onset of infant social gaze offset, and significantly 149 

higher than chance level at T -2.5 seconds before, at T +2.0 to T +3.0, and at T +4.0 seconds 150 

after infant social gaze offset. (see Tab. 7S and Fig. 6SB) 151 

 152 

Figure 6S. Mean amplitude (sound envelope) in playsongs (A) and lullabies (B) five seconds 153 

before and after infant social gaze offset (dashed line), depicting instances of infant social 154 

gaze towards the mother (green) vs surrogate time points which excluded time points within 5 155 

s of an infant social gaze offset (blue). Horizontal orange lines indicate time points where the 156 

pitch during infant social gaze was significantly above or below the pitch of non-social 157 

surrogate looks (N = 74). 158 
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 159 

Table 7S. Exact time points of above-chance changes in amplitude in playsongs and 160 

lullabies from five seconds before (T -5.0) to five seconds after (T +5.0) the offset of infant 161 

social gaze, chunked into half-second intervals. Time points where the observed spectral flux 162 

was significantly below the mean surrogate amplitude are marked with an asterisk (*). The 163 

total length (in seconds) of above- or below-threshold changes of every half-second interval 164 

is noted in bold and in curly brackets (N = 74). 165 

Time 

(beats) 

Playsongs 

{Length (s)} 

Lullabies 

{Length (s)} 

T -4.0 [-4.04] 

{0.01} 

 

T -3.5 [-3.72], [-3.70], [-3.66], 

[-3.63 – -3.60],  

[-3.58 – -3.50], [-3.44] 

{0.17} 

[-3.52 – -3.43]*, [-3.41 – -3.40]* 

{0.12}* 

T -3.0 [-3.23 – -3.07] 

{0.17} 

[-3.09]*, [-3.07 – -3.01]*,  

[-2.98 – -2.95]*, [-2.89 – -2.82]* 

{0.20}* 

T -2.5 [-2.51 – -2.50] 

{0.02} 

[-2.31 – -2.28] 

{0.04} 

T -2.0 [-2.22], [-2.18 – -2.15] 

{0.05} 

 

T -1.5 [-1.67 – -1.63], [-1.60], 

[-1.53] 

{0.07} 

 

T -1.0 [-0.9 – -0.88] 

{0.03} 

 

T -0.5 [-0.72], [-0.69 – -0.68], 

[-0.66 – -0.57], 

[-0.44 – -0.34] 

[-0.31 – -0.25] 

{0.31} 

[-0.47 – -0.46]*, [-0.44 – -0.41]*,  

[-0.39 – -0.38]* 

{0.08}* 

T 0 [-0.24 – -0.22] 

{0.03} 

 

T +0.5  [0.43 – 0.44]*, [0.47 – 0.50]*,  

[0.52 – 0.53]* 

{0.08}* 
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T +1.0  [1.18]* 

{0.01}* 

T +1.5   

T +2.0  [1.77], [1.79 – 1.80], [1.83], 

[1.85], [1.89], [2.03 – 2.04] 

{0.08} 

T +2.5 [2.47 – 2.51], [2.53 – 2.54] 

{0.07} 

[2.33], [2.60 – 2.68], [2.70] 

{0.11} 

T +3.0 [2.76 – 2.83], [2.87], 

[2.92 – 2.93], [3.17 – 3.22] 

{0.17} 

[2.79 – 2.87], [3.18] 

{0.10} 

T +3.5 [3.25 – 3.26], [3.28 – 3.35], 

[3.51], [3.56 – 3.57], [3.64], 

[3.66] 

{0.15} 

 

T +4.0 [3.76 – 4.05], [4.07 – 4.19], 

[4.21 – 4.22] 

{0.45} 

[4.17], [4.23] 

{0.02} 

T +4.5 [4.27 – 4.28], [4.33 – 4.35], 

[4.65 – 4.73] 

{0.14} 

 

 166 

2.5. S. Permutation analyses – Pitch (Fundamental Frequency) 167 

2.5.1. S. Pitch Dynamics Around Infant Social Gaze Onset 168 

In playsongs, pitch was significantly lower than chance level (p <5th/2 percentile) at 169 

T -1.5 seconds before and T +4.0 seconds after infant social gaze onset (see Tab. 8S and Fig. 170 

7SA). In lullabies, amplitude was significantly lower than chance level (p <5th/2 percentile) 171 

at T -4.5 and T -0.5 seconds before infant social gaze onset (see Tab. 8S and Fig. 7SB). 172 

The sporadicity of robust pitch changes could be due to songs having a distinct pitch that 173 

mothers could not vary as much as amplitude or spectral flux in response to infant attention. 174 
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 175 

Figure 7S. Mean pitch (fundamental frequency) in playsongs (A) and lullabies (B) five 176 

seconds before and after infant social gaze onset (dashed line), depicting instances of infant 177 

social gaze towards the mother (green) vs surrogate time points which excluded time points 178 

within 5 s of an infant social gaze onset (blue). Horizontal orange lines indicate time points 179 

where the pitch during infant social gaze was significantly below the pitch of non-social 180 

surrogate looks (N = 74). 181 

 182 

Table 8S: Exact time points of above-chance changes in pitch in playsongs and 183 

lullabies from five seconds before (T -5.0) to five seconds after (T +5.0) the onset of infant 184 

social gaze, chunked into half-second intervals. Time points where the observed spectral flux 185 

was significantly below the mean surrogate pitch are marked with an asterisk. The total 186 

length in seconds of every half-second interval is noted in bold and in curly brackets (N = 187 

74). 188 

Time 

(beats) 

Playsongs 

{Length (s)} 
Lullabies 

{Length (s)} 

T -4.0  [-4.23 – -4.19]* 

{0.05}* 

T -1.5 [-1.65 – -1.59]* 

{0.07}* 
 

T -0.5  [-0.73 – -0.39]* 

{0.35}* 
 189 

 190 

2.5.2. S. Pitch Dynamics Around Infant Social Gaze Offset 191 

In playsongs, pitch was not significantly different from chance level (p <5th/2 192 

percentile) around infant social gaze offset (see Tab. 9S and Fig. 8SA). In lullabies, pitch was 193 
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significantly lower than chance level (p <5th/2 percentile) at T -5.0 before the offset of infant 194 

social gaze (see Tab. 9S and Fig. 8SB). 195 

 196 
Figure 8S. Mean pitch (fundamental frequency) in playsongs (A) and lullabies (B) five 197 

seconds before and after infant social gaze offset (dashed line), depicting instances of infant 198 

social gaze towards the mother (green) vs surrogate time points which excluded time points 199 

within 5 s of an infant social gaze offset (blue). Horizontal orange lines indicate time points 200 

where the pitch during infant social gaze was significantly below the pitch of non-social 201 

surrogate looks (N = 74). 202 

 203 

 204 

Table 9S. Exact time points of above-chance changes in pitch (fundamental 205 

frequency) in playsongs and lullabies from five seconds before (T -5.0) to five seconds after 206 

(T +5.0) the offset of infant social gaze, chunked into half-second intervals. Time points 207 

where the observed spectral flux was significantly below the mean surrogate pitch are marked 208 

with an asterisk. The total length in seconds of every half-second interval is noted in bold and 209 

in curly brackets (N = 74). 210 

Time 

(beats) 

Playsongs 

{Length (s)} 

Lullabies 

{Length (s)} 

T -5.0  [-4.93 – -4.89]* 

{0.05}* 

 211 


