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Abstract

Dancing and singing to music involve auditory-motor coordination and have been essential to our human culture since
ancient times. Although scholars have been trying to understand the evolutionary and developmental origin of music, early
human developmental manifestations of auditory-motor interactions in music have not been fully investigated. Here we
report limb movements and vocalizations in three- to four-months-old infants while they listened to music and were in
silence. In the group analysis, we found no significant increase in the amount of movement or in the relative power
spectrum density around the musical tempo in the music condition compared to the silent condition. Intriguingly, however,
there were two infants who demonstrated striking increases in the rhythmic movements via kicking or arm-waving around
the musical tempo during listening to music. Monte-Carlo statistics with phase-randomized surrogate data revealed that the
limb movements of these individuals were significantly synchronized to the musical beat. Moreover, we found a clear
increase in the formant variability of vocalizations in the group during music perception. These results suggest that infants
at this age are already primed with their bodies to interact with music via limb movements and vocalizations.
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Introduction

Humans have been universally making music by engaging in
dancing and singing for 35,000 years [1,2,3]. The uniqueness of
our musicality has been “ranked among the most mysterious with
which humans are endowed” as Darwin mentioned in 1871 [4].
The emerging field of music and neuroscience has shown that
interactions between the auditory and motor systems are key to
understanding how the brain perceives and produces music, such
as during dancing and singing [5,6]. Animal (e.g., “dancing
cockatoo”) studies also stress the importance of a tight link
between the auditory-motor circuit as a prerequisite for vocal
learning and musical synchronization capabilities [7,8,9]. None-
theless, early human developmental manifestations of auditory-
motor interactions in music have not been fully investigated
[10,11]. An important question on the topic of the developmental
origins of music is whether infants show precursors of dancing and
singing to music. Evidence of such precursors may suggest that our
brains prime our bodies to interact with music through limb
movements and vocalizations.

A handful of studies have investigated developmental manifes-
tation of music perception in humans: Neonates show cortical
responses to pitch interval [12], tonal key [13], and musical beat
[14], and six- to nine-months-old infants can discriminate musical
consonance [15], rhythm [16], and meter [17,18]. These findings
suggest that precursors of music perception have already emerged
at the early stages of human development. On the other hand, the
ability to synchronize body movements with music is assumed to
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develop later. For example, Zentner and Eerola [11] investigated
limb movements of 5- to 24-months old infants during music
perception but could not find phase synchronization of the infant’s
limb movement with the musical beat. They described that
“synchronization, which is characterized by perfectly overlapping
music and body-movement phases, requires a degree of motor
control that may not be achieved until preschool age” (second
paragraph of their discussion) [11]. Patel also described that
“young infants do not synchronize their movements to a musical
beat.... the ability to synchronize with a beat does not appear to
emerge till around age four” (page 405) [19]. Even at the age of
2.5 to 4.5 years, the synchronization ability of children seems
modest and requires prompting by an experimenter [10]. Based on
these studies, one could postulate that the ability to synchronize
body movements with music is primarily an acquired behavior.
However, Condon and Sander [20] showed that human
neonates were able to synchronize their body movements with
adult’s speech: They performed frame-by-frame analysis of video-
taped baby’s motion and showed that the configurations of body
(e.g., head, elbow, shoulder, hip, and foot) movements coincided
with the articulatory segments of the adult’s speech (e.g.,
phonemes of words) [20]. Although Condon and Sander [20]
mvestigated the synchronization of body movements not with
music but with speech sound, their study suggests that the nervous
system of human infants is already primed with their bodies to
interact with external auditory information as early as the first day
of life. From the neonate’s perspective, speech and music would be
similar in a sense that both of them consist of patterns of
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semantically meaningless sounds [21]. Considering the similarity
between speech and music for pre-linguistic infants, there is still a
possibility that infants show synchronization of body movements
not only with speech but also with music. On the other hand, the
synchronization reported by Condon and Sander [20] might be
specific to the speech sound if music was processed differently in
the infant’s nervous system. In fact, neonates as a group show
increased hemodynamic responses in their left hemispheres only to
speech but not to music [22]. Nevertheless, more developmental
studies of music are needed to clarify whether infants show
movement-to-music synchronization.

We considered that there were at least five issues needed to be
tackled in the developmental study of music. First, as far as we
know, there has been no study that investigates the movement-to-
music synchronization in infants younger than five-months old.
Although Zentner and Eerola [11] pointed out the immature
motor-control ability, infants younger than five-months already
express rich and spontaneous limb movements, coined general
movements [23,24,25,26]. A previous study showed that general
movements of the infants at three months of age were modified by
audio-visual inputs possibly through the basal ganglia and cerebral
cortex [25], which are the brain areas considered to be playing a
central role in processing of the musical beat [27,28,29,30,31].
Thus, if human musicality arises spontaneously through entrain-
ment mechanisms between our bodies and the environment
[32,33], synchronized limb movements to music may be observed
even in infants younger than five-months-old.

Second, not only group level of analysis but also individual level
of analysis provides significant insight on the infant’s movement-
to-music synchronization because of the large individual differ-
ences. For instance, in the previous study by Condon and Sander
[20], the movement-to-speech synchronization was shown based
on the observations from the 3 neonates (babies A, C, and E in
their paper). Kirschner et al. [10] showed that only 1 out of 12
children at 2.5 years of age was able to synchronize the tapping
movements with a rhythmic drum sound without any presence of
adult social partner (see 600-ms inter-stimulus interval, acoustic
condition in their paper). Animal studies also performed the
individual analysis: The study of dancing cockatoo, which showed
significant synchronization of head-bobbing movements with a
musical beat, was a case report [8]. A recent study on chimpanzees
showed that only 1 out of 3 individuals showed significant tapping
synchronization with a rhythmic auditory stimulus after a training
[34]. Thus, it is important to perform individual analysis and to
investigate how many infants in a population can synchronize their
movements to a musical beat.

Third, the movement responses to music may be different across
the four limbs (i.e., left arm, right arm, left leg, and right leg). A
previous study on three-months-old infants showed that there was
difference in movement patterns between the arms and the legs
when a mobile toy was provided [26]. It was suggested that the
arm-leg difference could be attributed to different neural-control
processes: Spontancous limb movements of arms and legs in the
infants are thought to mainly result from rhythmic neural
oscillations in the spinal cord created by central pattern generators
(CPGs), but the control of arm movements is dominated relatively
more by the cerebral cortex than the leg movements [26,35,36].
Therefore, depending on how music affects the infant’s nervous
system, different movement patterns may be observed between the
arms and the legs. Asymmetry between the limb movements may
also be observed considering the fact that the infants already show
preference of hand use [37,38]. We need to investigate all of the
four-limb movements in response to music in the infants.
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Fourth, infants may respond to music not only through their
limb movements but also their vocalizations. Infants younger than
five-months already express rich and spontaneous vowel-like
monosyllabic vocalizations called coos [24,39]. The source/filter
theory of vocal production states that the fundamental frequency
(Fp) mainly reflects the oscillation of the vocal cord at the larynx,
while the formant frequencies (I, and Fy) reflect the length and
shape of the vocal tract, which are rapidly modified during
utterances by movement of the articulators (e.g., tongue, lips, soft
palate, etc.) [40]. The analysis of fundamental and formant
frequencies in infants allows us to infer the oral movements in
response to music.

Fifth, previous studies showed that infant’s limb movements and
vocalizations changed over the course of development [41,42].
Kato et al. [41] have recently investigated motions of the infants
aged 90 to 126 days and showed that there was the effect of age on
changeability of limb-movement patterns when a mobile toy was
provided. Kuhl and Meltzoff [42] performed acoustic analysis of
formant frequencies in the infants aged 12 to 20 weeks and showed
that the vowel categories became more separated in the F; and Fy
coordinate space in the course of development [42]. It is important
to investigate the relationship between the age of days and limb
movements/vocalizations.

We designed this study considering the above five issues: 1) We
examined movement-to-music synchronization in three- to four-
months-old infants, 2) performed both group and individual
analyses 3) on the left-arm, right-arm, left-leg, and right-leg
movements, 4) conducted acoustic analysis on the infants’ voice
samples, and 5) investigated the relationship between the age of
days and the limb movements/vocalizations. The aim of this study
was to test whether the three- to four-months-old infants show
synchronized limb movements and/or altered vocalizations in
response to music.

Results

We analyzed data from 30 infants aged 106-125 days who
showed no fussing, crying, or rolling over during the data
recording (Methods and Tables S1 and S2 for detail). The infants
lay on their back on a baby mattress (Figures 1A, S1A, and S2). In
the silent condition, there was no auditory stimulus (Videos S1 and
S2). In the music condition, one of two pop songs was played; (1)
“Everybody” by Backstreet Boys—this is the same auditory
stimulus used in the dancing cockatoo study [8] (Videos S3 and
S4), and/or (2) “Go Trippy” by WANICO feat. Jake Smith—this
was used to investigate the infant’s behavior during playing a high-
tempo disco music (Video S5). The tempo of “Everybody” was
108.7 beat per minute (BPM) corresponding to 1.8 Hz, and that of
“Go Trippy” was 130.0 BPM corresponding to 2.2 Hz. These two
pop songs were used because we considered that the dance beats
and jolly styles might be effective to attract infant’s interest and
elicit synchronization behaviors, such as shown in the dancing
cockatoo study [8]. Limb movements and vocalizations of the
infants in the supine position were recorded by a 3D motion
capture system and the microphone of a digital video camera
(Figure S2). Both experimenters and parents were out of the
infant’s sight during the recording to prevent any social
interaction.

Amount of Limb Movement

We first quantified the mean square sum of velocities of each
limb as a measure of the amount of movement (Methods and
Figure S3 for detail). A four (limb; right arm, left arm, right leg,
and left leg) by two (playing music; silent vs. music) by two (song;

May 2014 | Volume 9 | Issue 5 | e97680



“Everybody” vs. “Go Trippy”) factorial analysis of variance
(ANOVA) yielded no significant interaction among the effects
(limb xplaying music xsong, Fj ;5,=0.03, p=0.99, n*=0.001;
limb xplaying music, F5 ;30=1.24, p =0.30, 112 =0.03; limb xsong,
Iy 135=0.25, p=0.86, 112 =0.006; playing musicxsong, [
=101, p=0.32, #°=0.02). Neither the main effects of limb
nor song was significant (limb, F ;3,=0.18, p=0.91, 172 =0.004;
song, I, 44=0.43, p=0.51, #?=0.01), showing that there was no
difference in the amount of movement across the limbs nor
between the songs. On the other hand, there was a significant
main effect of playing music (F; 4 =8.55, p<<0.01, n?=0.16).
That is, the amount of movement decreased when infants heard
music, ([1.34£0.12]x10* [mm/sec]’; mean * standard error)
compared to the silent condition ([2.03+0.21]x10* [mm/sec]?;
see also black lines in Figures 1B and SI1B). There was no
significant correlation between the age of days and the mean
square sum of the velocity in any of the limbs (Tables S3 and S4).

Frequency of Limb Movement

To see the frequency range of infant’s limb movements, we
performed power spectrum analysis (Methods and Figure S3). We
found that over 90% of the power spectrum density (PSD) was
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within 0-1 Hz frequency range on average (Tables S5 and S6).
Opverall, the infant’s limb movements were slower than the musical
tempi and it was rare to observe rhythmic movements for which
frequencies were around the musical tempi. When we calculated
the relative proportion of the PSD around the musical tempo
BPM *10% range of frequency), the 4 (limb)x2 (playing
music) X2 (song) ANOVA yielded no significant interaction among
the effects (limbxplaying music xsong, F3 ;3,=0.12, p=0.95,
112: 0.003; limb x playing music, F; ;3,=1.52, p=0.21,
n?=0.03; imb x song, Fy, 750=1.57, p=0.20, 5> =0.03; playing
music xsong, F; 44=0.81, p=0.37, 112 =0.02). Neither the main
effects of limb nor song was significant (limb, F; ;5,=0.66,
=058, n°=0.01; song, F, =212, p=0.15, n°=0.05),
showing that there was no difference in the PSD around the
musical tempo across the limbs nor between the songs. On the
other hand, there was a significant main effect of playing music (/;,
4¢=13.61, p<<0.001, 71220.24): The relative proportion of PSD
around the musical tempo was significantly smaller in the music
condition (0.75%0.09%, mean * standard error) compared to the
silent condition (1.12%+0.12%). That is, the limb movement
frequency became slower when listening to music compared to
the silent condition (see black lines in Figures 1C and S1C). There
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Figure 1. Spontaneous limb movements of infants when they listen to “Everybody’”’ by The Backstreet Boys (music condition,
Video S3) and those without any auditory stimulus (silent condition, Video S1). (A) Typical limb trajectories during the music condition in
an infant (ID1) in X, Y, and Z coordinates. (B) Mean square sum of right leg velocities and (C) relative proportion of the power spectrum density (PSD)
around the musical tempo for right leg movements along the Y coordinate axis in ID1 (red), other infants (grey), and the group mean except for ID1
with standard deviation (SD) (black). (D) The right-foot position along the Y coordinate axis in ID1. He kicked more rhythmically during the music
condition (red) than the silent condition (blue). (E) Power spectrogram of the right foot position along the Y coordinate axis in ID1. Relatively high
PSD can be seen around the musical tempo (dashed line) in the music condition. (F) Mean synchronization index across moving sections (Methods for
detail) in the music (red) and silent (blue) conditions. Error bars indicate standard errors (SE) across the moving sections.*p<<0.01.
doi:10.1371/journal.pone.0097680.9001
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was no significant correlation between the age of days and the
relative proportion of PSD around the musical tempo (Tables S3
and S4). Thus, as a group, the amount of limb movements
decreased and the movement frequency became slower in the
music condition compared to the silent condition.

Synchronization of Limb Movements to the Musical Beat

Prior to the analysis of movement-to-music synchronization, we
determined a period of time during which the infants continuously
moved for over three seconds and designated it as a moving section
since they moved in an intermittent fashion (e.g., Figures 1DE,
S1DE, and S3). In sum, we detected 51 moving sections (27 and
24 moving sections in the music and silent condition, respectively)
from the 11 infants (Table S7). For each of the moving sections in
the music condition, we investigated the relative phase (@)
between the infant’s limb motion and the musical beat (Methods
and Figures 2A-E). A typical example of circular histogram of ¢
in a moving section is shown in Figures 2F. The properties of
relative-phase distribution were quantified by a synchronization
index that ranges from 0, when the spreading of ¢, is maximal
(i.e., perfect non-synchronization), to 1, when a J-function-like
probability distribution (i.e., perfect synchronization) is found
[43,44].

To test whether the degree of synchronization in the music
condition is significant, we also calculated the synchronization
index for each of the moving sections in the silent condition. This
was performed by adding a “virtual” musical beat extracted from
the auditory stimulus in the music condition to the limb motion
from the silent condition. That is, although no music was played in
the silent condition, we artificially calculated the relative phase
between the infant’s limb motion and the virtual musical beat.
Thus, the synchronization index in the silent condition indicates
“non-significant” degree of synchronization. If there was no
tendency of synchronization in the music condition, similar
degrees of synchronization should be observed between the silent
and music conditions. However, we found significantly higher
degree of synchronization during the music condition compared to
the silent condition (p<<0.01, Mann-Whitney U test, Figure 1F).

Individual Analysis of Limb Movements

The analysis above revealed significant degree of synchroniza-
tion in the music condition. Intriguingly, we found that 15 out of
27 moving sections in the music condition (i.e., 56% of the total)
were from an infant (ID1, 122 days of age) (Table S7). We also
found that ID1 demonstrated a significant increase in the amount
of movement of the right leg when listening to “Everybody” (see
red line in Figure 1B). Moreover, a substantial increase in the
relative proportion of the PSD around the musical tempo
(=1.8%0.2 Hz range) was found in movements of his right leg
(see red line in Figure 1C). The relative proportion of PSD around
the musical tempo was 22.69% that was far different from the
other infants (Figure 1C). These values from ID1 were identified as
significant outliers among the group (Grubbs test, movement
amount, G=4.53, P<0.01; PSD, G'=4.84, p<<0.01). That is, ID1
kicked with his right leg intensely and rhythmically when the music
was played (Figure 1DE and Videos S1 and S3). We also found an
infant (ID25, 113 days of age) who showed prominent rhythmic
movements in the left arm when listening to “Everybody” and
“Go Trippy” (Grubbs test, movement amount, G=4.13, p<0.01;
PSD, G=4.50, p<<0.01; Figure S1 and Videos S2, S4, and S5). We
found that 5 out of 27 moving sections were detected from ID25 in
the music condition (Table S7). In sum, 20 out of 27 moving
sections in the music condition (74% of total) were detected from
ID1 and ID25 (Table S7), showing that the higher degree of
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synchronization in the music condition resulted mostly from these
two individuals.

We next tested whether the phases of limb movements in ID1
and ID25 were significantly synchronized with those of the musical
beat. To do this, the observed degree of phase synchronization was
statistically tested by comparing with those calculated from 10,000
phase randomized surrogate data for each moving section (Monte-
Carlo statistics [45,46], see right panels in Figures 2 and Methods
for detail). The statistics revealed that the observed synchroniza-
tion index of the right leg in ID1 was significantly above the
confidence interval (p<<0.05, Figure 2G). As a further investigation,
we also tested whether ID1 can synchronize to a rhythmic sound
at a different tempo without any vocal sound. That is, we
examined the kicking movements of IDI to a drum pattern
(100 BPM = 1.7 Hz, Video S6). Note that this drum pattern was
played only for ID1 for further investigation. We then also found
significant synchronization of ID1’s kicking movements to musical
beat at this tempo (»<<0.05, Monte-Carlo statistics, Figure S4).
Thus, ID1 showed the significant phase synchronizations to the
musical beat in the two different types of musical stimuli that had
different tempi.

Monte-Carlo statistics for ID25 revealed that the observed
synchronization index of left hand was significantly above the
confidence interval when listening to “Everybody” (p<<0.03,
Figure S5 and Video S4). On the contrary, the significant
synchronization could not be found in the moving sections in ID25
when listening to “Go Trippy” (Figure S6 and Video S5). The
periodicity of left hand in ID25 was relatively slow compared to
the musical tempo of “Go Trippy” (130.0 BPM). Thus, the
significant phase synchronizations were observed in the kicking
movements of ID1 during playing of “Everybody” and a drum
pattern, and arm-waving movements of ID25 during playing of
“Everybody”. We also found a significant synchronization of the
right-leg movements in ID20 during playing of “Everybody”
(Figure S7). However, ID20 did not show significant increase in
the amount of movement during the music condition compared to
the silent condition (one of the gray lines in Figure 1B), and the
rhythmic movement of ID20 was not as clear as compared to those
of ID1 and ID25 (compare Figure S7 to Figures 2 and S4-S6).

Vocalizations

To test whether the infants produced altered vocalizations in
response to the music, we first assessed the mean duration of
vocalizations per minute as a measure of the amount of
vocalizations made (Figure S8). But we found no significant
differences between the silent and music conditions for this
measure (Figures 3A and S9A). There was no significant
correlation between the mean duration of vocalization and the
age of days (Tables S4 and S5).

When we assessed the mean and standard deviation (SD) of the
fundamental (Fp) and formant frequencies (F; and Fy) within the
infant’s utterances (Figures 3B, S8, and S9B), no significant
difference was found between the silent and music conditions in
the mean Fy (Figures 3E and S9E) and SD of I (Figures 3F and
SIF). On the contrary, we found significant increases in the SDs of
F, and Fy in the music compared to the silent condition (p<<0.05,
Figures 3GH and S9GH). Significant increases in the mean I and
F, were also found when infants listened to “Go Trippy”
compared to the silent condition (Figure 3CD). However, the
increases in the mean Fj and F; were not observed when listening
to “Everybody” compared to the silent condition (Figure S9CD).
There was no significant correlation between the spectrum
measures of vocalizations and the age of days (Tables S3 and S4).
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Observed data in ID1 (122 days of age)

during the music consition “Everybody”
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Figure 2. Significant synchronization in right leg movements of ID1 during the music condition “Everybody’ (108.7 BPM) (Video
S3). (A) Sound wave of the auditory stimulus (yellow) with the detected beat onsets (red vertical lines). (B) Observed (left) and phase-randomized
(right) position data sy (t) along the Y coordinate axis when the infant moved continuously over a period of three seconds (defined as a moving
section). (C) Instantaneous phase of the musical beat ¢,sic () calculated from the detected beat onsets. (D) Instantaneous phase of the motion
Pmotion (t). (E) Relative phase ¢, (t) between motion and the musical beat. (F) Circular histograms of ¢, (t). (G) Monte-Carlo statistics showed that the
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observed synchronization index (magenta line) was above the 95% confidence interval of the surrogate synchronization indexes (blue lines)
calculated from the 10,000 phase-randomized position data: The observed movement was significantly synchronized to the musical beat.

doi:10.1371/journal.pone.0097680.9g002

Discussion

Movement-to-music Synchronization

As far as we know, this study is the first to investigate
movement-to-music synchronization in three- to four-months-old
infants. While the previous study on 5- to 24-months old infants
could not find evidence for movement-to-music synchronization
[11], we found significant phase synchronization of limb
movements to the musical beat. We suggest that this discrepancy

seemed to be more inactive during listening to the music. Thus, if
a scholar looks at only the results from the group analysis, he/she
may assume that the infants do not move their limbs actively in
response to music and therefore they do not synchronize to a
musical beat.

However, our individual analysis revealed that there were
infants who significantly increased the amount of movements and
the spectrum frequencies around the musical tempo. Monte-Carlo
statistics showed that there were periods in which phases of limb

is primarily due to the different ways of analysis. That is, the
previous study [11] performed only a group level of analysis and
did not perform the detailed analysis of phase synchronization on
the individuals while this study did. In fact, our group analysis
showed significant decreases in the movement amount and
spectrum frequency around the musical tempo in the music
condition compared to the silent condition. The results show that,
at the group level, music did not facilitate spontancous limb
movements of the infants. Rather, most of the infants’ movements

movements in these individuals were significantly synchronized
with those of the musical beats. Our results show that individual
differences are large in the limb movements of the infants during
playing of the music. It is worth mentioning that, in the previous
study on 5- to 24-months old infants [11], there were also
individuals who moved their arms and legs rhythmically over three
seconds in response to music (see their figure and supplementary
videos). Although they did not perform individual analysis on the
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Figure 3. Spontaneous vocalizations of infants during the music condition ““Go Trippy’’ by WANICO feat. Jake Smith (red) and in
the silent condition where no auditory stimulus was present (blue). Error bars indicate standard errors (SE) among the participants. (A) No
significant difference was found in mean duration of vocalization per minute between the silent and music conditions (Wilcoxon signed-rank test,
Z=1.62, p=0.11). (B) Typical time series of fundamental (F,, black lines) and formant frequencies (F; and F,, cyan and magenta lines, respectively)
within utterances. (C, D) Mean Fq, and F; was significantly higher in the music condition than in the silent condition (Z=2.39, *p<<0.05; Z=2.06, *p<
0.05, respectively). (E, F) There were no significant differences in mean F, and SD of Fy (Z=1.92, p=0.06; Z=1.16, P=0.25, respectively). (G, H) SD of
F, and F, were significantly higher in the music condition than in the silent condition (Z=3.43, **p<<0.001; Z=3.48, **p<<0.001, respectively).
doi:10.1371/journal.pone.0097680.9003
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phases of limb movements, significant movement-to-music syn-
chronizations might be observed if the same analysis as this study
was performed (i.e., calculations of relative phases, synchroniza-
tion index, and Monte-Carlo statistics). Taken together, we suggest
that the movement-to-music synchronization is rare in infants, and
observed at an individual level.

The patterns of synchronization in the individuals in this study
were comparable to the case study of a dancing cockatoo [8,47].
Patel et al. [47] described the cockatoo’s behavior as “sporadic
synchronization”, meaning that there were only limited periods of
genuine synchronization. They also stated that the degree of phase
synchronization in the cockatoo was not at the level at which
human adults show during playing of the music [47]. The
movement-to-music synchronization in the infants would be also
regarded as sporadic synchronization because they did not always
synchronize to the musical beat. In this regard, the movement-to-
music synchronization in the infants is not at the level of human
adults and may be interpreted as the precursor that evolves later.

Difference Across the Four Limbs

We expected that the movement responses to music in infants
would be different across the four limbs. However, in the group
analysis, we could not found any significant difference across the
four limbs in our movement measures. As a group, the amount of
movements decreased overall across the limbs in the music
condition compared to the silent condition. This result is consistent
with the previous study that showed reduced amount of movement
in all of the four limbs in three-months-old infants when they
attended to an auditory-visual stimulus such as a mobile toy that
made sounds [25]. These findings suggest that the external inputs
tap into perceptual-attentional system to inhibit all of the four-limb
activities in most of the infants [25].

Contrary to the results of group analysis, ID1 moved right leg
and ID25 moved her left arm more intensely and rhythmically
compared to the other limbs during the music condition (Figure
S10AB). Movement of ID1 was leg-based while that of ID25 was
arm-based. In addition, the rhythmic movement of ID1 was
relatively more prominent than ID25. To account for these
movement patterns in ID1 and ID25, we consider the role of
rhythmic neural oscillations in the CPG and its entrainment
mechanism (i.e., the process of spontaneous mode locking of
coupled oscillators) [33,36].

Although little is known on the neural mechanisms underlying
movement generation in human infants, the spontaneous limb
movements are thought to be mainly produced by the subcortical
system composed of the brainstem and the spinal cord, including
the CPGs, which activities interact with the higher-order cortical
system [25,26,35,48]. The leg movements are considered to be
primarily generated by the subcortical system itself while the
control of arm movements involves more contribution from the
cortical system [25,26,35,48]. If so, the remarkable increases in the
amount of limb movements in ID1 and ID25 could be interpreted
as an enhancement of the CPG activities in the subcortical system
elicited by the music, but the degree of interference from the
cortical system might be different between ID1 and ID25. That is,
the movement of ID1 might be more dominated by the CPG
activity and less interfered from the cortical system, and vice versa
in ID25. Recent music and neuroscience studies have shown that
beat perception and synchronization are related to neural activities
not only in the auditory and motor cortices but also in the
subcortical areas including the brainstem [27,28,29,30,31,49,50].
The movement-to-music synchronization in ID1 and ID25 might
be caused by the entrainment between the enhanced CPG activity
and the other rhythmic neural activities in the cortical and
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subcortical networks elicited by the music, yet the patterns of
neural entrainment might be different depending on the develop-
ment of the nervous system in the individual. The synchronization
of ID1 might be interpreted as CPG-based neural entrainment
while that of ID25 as cortical-based.

Altered Vocalizations

A clear change in vocal quality (i.e., an increase in the formant
variability) was found in the infants as a group when music was
present. Since the formant frequencies reflect movements of the
vocal tract [40], the result suggests that music makes vocal-tract
movements more variable in infants. This result is comparable
with a previous finding where three- to four-months-old infants
changed their vocalizations and showed proto-conversational
abilities in response to their mother’s speaking [39]. Our result
suggests that the music could serve as a communicative signal like
speech sounds do for pre-verbal infants [51]. These findings might
be attributed to a shared neural mechanism that processes music
and speech in the brain [19,21,22,52].

We found significant increases in the mean Iy and F; when the
infants listened to “Go Trippy” but not when listened to
“Everybody”. The increased mean F, indicates higher pitch of
the vocalization, and the increased mean F| indicates different
shape of the vocal-tract during the music condition compared with
the silent condition. In this study, the tempo of “Go Trippy”
(130.0 BPM) was faster than that of “Everybody” (108.7 BPM),
and only the former included a female voice. This might be the
reason why the increased mean Fy and I; were found only during
playing of the “Go Trippy” but not during “Everybody”.

Our results suggest that music does not facilitate spontaneous
limb movements in most of the infants but modulates the
vocalizations instead. As discussed above, music might tap into
the perceptual-attentional system in the cortex to inhibit the limb
movements, but alternatively, it might facilitate neural activities for
the vocal production leading to the changes in the fundamental
and formant frequencies. The auditory-motor network underlying
the altered vocalizations in the infants may evolve later to achieve
more refined vocalizations with music. In this viewpoint, the
altered vocalizations of the infants may be interpreted as a
precursor of singing.

Effect of Age

In this study, there was no significant correlation between the
age of days and the behavioral measures, showing that the effect of
age was not clear in our group analysis. This is not consistent with
the previous studies that showed the effect of age on the limb
movements and vocalizations in the infants [41,42]. One of the
reasons for this inconsistency could be the age range which was
narrower in this study (106125 days of age) compared to the
previous studies (90-126 days of age in the study by Kato et al.
[41] and 12-20 weeks of age in the study by Kuhl and Meltzoff
[42]).

For further individual analysis, we compared the age of days of
ID1 and ID25 to the other infants (Figure S10C). Although the age
of ID1 (122 days of age) was relatively older than the other infants
(113.5%3.9 days of age, mean * standard deviation), this was not
the case for ID25 (113 days of age). Moreover, neither the oldest
infant (ID2, 125 days of age) nor the youngest (ID5, 106 days of
age) showed any significant rhythmic movements (Tables S1, S2,
and S7). It is therefore difficult to explain the individual differences
in this study in terms of the infant’s age.
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Limitations of the Study, Open Questions, and Future
Work

A limitation of this study is that we cannot make a definitive
conclusion about whether the group-level effects in this study
could be specifically attributed to music. Since we compared the
infants’ behaviors during playing of the music with those in silence,
one may argue that the group-level effects could be regarded as
general responses to external stimuli and not specific to music. In
addition, because both “Everybody” and “Go Trippy” included
the vocal tracks and were not instrumental music, we could not
separate out the possibility that the human voice elicited the group
effects. It would be interesting for future studies to investigate
whether or not the other acoustic and non-acoustic stimuli (e.g.,
speech sounds, instrumental music, colorful silent videos, and
pictures of interesting objects) could elicit the same group effect as
well.

Another limitation of this study is that the 95% confidence
mterval criterion in the Monte-Carlo statistics might be too
relaxed to demonstrate significant movement-to-music synchroni-
zation. Because we tested 51 moving sections in total in our
Monte-Carlo statistics, one may argue that the significant
synchronizations in the individuals could be type 1 errors.
However, if the synchronization in the music condition happened
purely by a chance, the same degree of synchronization should be
observed between the silent and music conditions in this study, yet
this was not the case (Figure 1F). We therefore suggest that the
type 1 error is less likely although we cannot completely rule it out.

One of the interesting questions for future developmental
studies on music is whether infants younger than three-months old
show synchronized limb movements and/or altered vocalizations
in response to music. Previous studies suggest that nervous systems
of the infants younger than three months are more subcortically-
based [25,26,48]. If the CPG activity is the key for movement-to-
music synchronization in the infants, more prominent precursors
of dancing might be observed in the infants younger than three-
months old.

Conclusion

We found striking increases in the amount of rhythmic limb
movements and their significant phase synchronization to the
musical beat in the individuals, but, as a group, there was no
facilitation of spontaneous limb movements during the music
compared to the silent condition. On the other hand, we found a
clear increase in the formant variability of vocalizations in the
group during music perception. The results suggest that our brains
are already primed with our bodies to interact with music at three-
to four-months of age via limb movements and vocalizations.
These findings are comparable to those from previous studies that
show the early manifestations of body-environment or cross-modal
interactions in infants; imitation of adult’s facial and manual
gestures [53], and synchronization of body movements and
alteration of vocalizations with adult speech [20,51]. In line with
the notion that these infant behaviors are the developmental
precursors of unique human abilities such as higher order
communication and/or socialization, our results may be inter-
preted as the precursors of dancing and singing.

Methods

Data Acquisition

Participants. 107 healthy infants aged three- to four-months-
old were recruited via the local Basic Resident Register. Ethical
approval for this study was obtained from the ethical committee of
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The Graduate School of Education, University of Tokyo, and
written informed consent was obtained from parents of all infants
prior to the initiation of the experiments. We got written
permission from the parents of infants who appear in the figures
and videos regarding the use of the materials for publication.

Stimulus. We used two pop songs as auditory stimuli in the
music condition: “Everybody,” by the Backstreet Boys, dura-
tion =290 sec, tempo =108.7 beats per minute (BPM)=1.8 Hz
(see Videos S3 and S4); and “Go Trippy” by WANICO feat. Jake
Smith (Right Bank Music Inc. Los Angeles, CA), duration = 243 s,
tempo = 130.0 BPM=2.2 Hz (see Video S5). The number of
BPM for each song was estimated from the sound wave file by
using a script for Matlab software called “tempo2.m” which was
developed by Ellis [54,55]. No auditory stimulus was provided in
the silent condition.

Setup. Each infant was positioned on his/her back on a baby
mattress (70 cmx120 cm, Figure S2). Four spherical reflective
markers with a diameter of 2 cm and a weight of approximately
5 g were attached to the wrists and ankles of each infant. In the
music condition, either “Everybody” or “Go Trippy” was played
through two loudspeakers placed at a distance of 120 cm from the
head position of the infant at a sound pressure level of 70 dB. The
duration of data recording ranged from 60-393 s depending on
the infant’s state (Tables S1 and S2). Both experimenters and
parents were out of the infant’s sight during the recording to
prevent social interaction from taking place. Movements of the
infants’ limbs in three-dimensional (3D) space were recorded using
a 3D motion capture system (Motion Analysis Co., Santa Rosa,
California). Six CCD monochrome shuttered cameras (motion
sampling rate =60 Hz; Hawk digital camera) with electronically
shuttered infrared LED synchronized strobe lighting were placed
around the baby mattress. A digital video camera (SONY DCR-
PC300K) was also used to monitor the infant’s state, and sound
data was extracted from this digital video camera in order to
analyze the infant’s voice (audio sampling rate = 36,000 Hz).

Data set. We analyzed data from full-term 30 infants
(18 male and 12 female) aged 106 to 125 days who underwent
both the silent and music conditions (Tables S1 and S2). Within
this group, 7 infants underwent “Everybody”, 4 underwent “Go
Trippy”, and 19 underwent both songs. In other words, 26 infants
underwent “Everybody” and 23 infants underwent “Go Trippy.”
Additional data from 77 infants were also collected, but excluded
from the analysis because 49 infants could not complete either the
silent or music condition; this was due to fussing or crying (n = 41),
infants rolling over (n=4), or system errors (n=4). Another 28
infants could not go through any condition because of fussing or
crying (n=26) or rolling over (n=2). A large number of infants
fussed or cried in this study (2=67 in total) because both
experimenters and parents were out of the infant’s sight during
the recording to prevent any social interaction and therefore to
investigate spontaneous limb movements and vocalizations of the
infants. As for the ID1 infant, an additional auditory stimulus (a
drum pattern, duration =71 s, tempo = 100.0 BPM) was provided
for the further investigation (Video S6).

Analysis of Limb Movement

Amount of limb movement. The position data for each
limb along each coordinate axis was smoothed by applying a
bidirectional fourth-order Butterworth low-pass filter at a cutoff
frequency of 10 Hz. The data after the filtering is shown in Figure
S3A. We obtained the velocity data for each limb along each of the
X-, Y-, and Z-coordinate axis [Vi(f), V,(?), and V.(¢)] by
differentiating the smoothed position data. Square sum of
velocities ¥2(f) was then calculated for cach limb as;
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V() =V 0+ V2 (0 + VA(0). (1)

An example of the calculated square sum of velocity V() is
shown in Figure S3B. To qualitatively describe movement amount
of each limb in the silent and music conditions, we used the mean
square sum of velocity;

13,
Hy2 = NZ V (li)a (2)

i=1

where N is the number of recorded time points for each infant.

Frequency of limb movement. We submitted the smoothed
position data Spos(f) multiplied by Hanning window of each limb
along each coordinate axis to a Fourier transform to investigate
the frequency component of the infant’s motion;

Spos(F) = F{spos(0)} = A(f)e*D, 3)

where A(f) is the amplitude and ¢(f) is the phase. Examples of the
Fourier transforms are shown in Figure S3C. We calculated
proportions of the PSD within 0.05-1.00, 1.00-2.00, and 2.00—
3.00 Hz frequency ranges relative to the total PSD above 0.05 Hz.
We also calculated a proportion of the PSD *=10% of the musical
tempo relative to the total PSD above 0.05 Hz: This index
becomes higher when the infant’s limb motion includes relatively
more frequency components that are closer to the musical tempo.

Detection of beat onsets. We determined the beat onsets of
the auditory stimuli by using a Matlab script called “beat2.m”
which was developed by Ellis [54,55]. To check timings of the
detected beat onsets, we superimposed a woodblock sound on the
musical stimuli at each of the detected onset. One author who had
15 years of experience of playing drums listened to the
superimposed tracks carefully and felt that the overall timing of
onsets was slightly earlier than expected. Therefore, the beat
onsets detected by the script were shifted in 30 ms behind to make
it perceptually reasonable.

Relative phase. We calculated the instantaneous phase of the
musical beat ¢, .(f) as a linear increase from —180 to 180
degrees between the beat onsets (e.g., Figures 2C and S4-S7C). We
calculated the instantaneous phase of the infant’s motion ¢, oion(?)
from the time series of limb-position data Spes(?) as;

Spos(t) +j§hilpos(t) = A(t)ejd’motion(’) 5 (4)

where the function Spjipos(?) is Hilbert transform of the position
data and A(#) is the instantaneous amplitude (e.g., Figures 2BD and
S4-S7BD). We calculated the relative phase ¢, (f) between the
infant’s motion and the musical beat as;

¢rel(t) = ¢music(t) - ¢motion(t)' (5)

Examples of the calculated relative phases are shown in Figures 2E
and S4-S7E. Note that the Hilbert transform and calculation of
relative phases were performed for the entire set of recorded time
series before detecting the moving sections.

Moving section. To perform phase-synchronization analysis
between the musical beat and the infant’s rhythmic motion, we
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first determined the movement onsets and offsets to find
continuous movements because the infants moved in an intermit-
tent fashion (e.g., Figures 1D, S1D, and S3). The onset was defined
as the time at which the 10-points moving-averaged square sum of
velocity exceeded 10% of the maximum value while the offset was
defined as the time point at which the moving-averaged signal to
be under the threshold (Figure S3E). We then detected a period of
time in which the duration from the onset to offset was longer than
three seconds, and designated it as a moving section. Detailed
descriptions of the detected moving sections are summarized in
Table S7. We selected an axis in which the square sum of velocity
was largest among the three (X, Y, and Z) coordinates. In other
words, we found an axis along which the infant moved most
intensely (e.g., Figure S3F). The position data in the moving
section along with this selected axis was used to calculate the
synchronization index. We did not integrate information from the
three axes but selected one for the synchronization analysis
because the rhythmic movements, whose frequency was close to
the musical tempo, were clearly observed in the selected axis (e.g.,
Figure S3DE).

Synchronization index. To quantitatively describe the
properties of the relative phase distribution within the moving
section, we introduced a measure of Shannon entropy (SE) [56],
which is defined as the average value of logarithms of the
probability density function;

M
SE=— " p(i)Inp(i). (6)

i=1

M is the number of bins with non-zero probability and p(i) is the
probability of the «th bin. To relate the dispersion of relative phase
with the strength of synchronization, a synchronization index (SI)
was defined as;

SE

SI=1 N’ (7)
where N is the total number of bins in the circular histogram
[44,57]. We used the bin size of 10 degrees to calculate the SI. The
synchronization index ranges from 0, when the spreading of
relative phase is maximal (i.e., when all phases lie in different bins),
to 1, when a d-function like probability distribution is found (i.e.,
all phases lie in a single bin). Thus, the larger the synchronization
index value, the stronger the phase of an infant’s motion is locked
to that of musical beat within the moving section.

Surrogate data analysis. To statistically test the observed
degree of phase synchronization between the infant’s motion and
musical beat, we performed a phase randomized surrogate data
analysis [45]. A phase-randomized Fourier transform of the
position data Spos(f ) is made by rotating the phase ¢ at each
frequency f by an independent random variable ¢ which is chosen
uniformly in the range from 0 to 2m;

SpOS(f)ZA(f)ei[W‘)*W(/)]' )

The phase randomized surrogate time series of position data
Ssurpos(?) 1s given by the inverse Fourier transform of Spes(f);
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S‘surpos(l‘):F_I{S‘pos(f)}' (9)

Typical examples of the calculated surrogate data are shown in
the right panels of Figures 2 and S4-S7. Note that Ssurpos(#) has the
same power spectrum as the original position data Spos(?), so that it
is more suitable to test the phase synchronization than the time-
scrambled surrogate data [47].

Monte-Carlo statistics. Ten thousand phase-randomized
surrogate data were generated for each of the observed position
data for each moving section. Thus, we obtained one observed
synchronization index and 10,000 surrogated synchronization
indices for each moving section. We then performed Monte-Carlo
statistics in which we tested whether the observed synchronization
index is above 95% confidence interval of the surrogate
synchronization indices (e.g., Figures 2G and S4-S7G).

Virtual musical beat. The moving sections were detected
not only in the music condition but also in the silent condition. We
calculated the synchronization indices between the limb move-
ments in the moving sections of the silent condition and the
artificially aligned “‘virtual” musical beat extracted from the
auditory stimuli in the music condition. The synchronization index
in the silent condition thus indicates non-significant degree of
synchronization. The synchronization indices calculated from the
data in the silent condition were also submitted to Monte-Carlo
statistics with 10,000 phase randomized surrogate data. We
confirmed that there was no significant synchronization in the
Monte-Carlo statistics on the moving sections in the silent
conditions (Tables S1 and S2).

Robustness of synchronization index. The synchroniza-
tion index which uses Shannon entropy (Eq. 6) depends on the
number of bins defined by the bin size. We therefore tested the
effects of bin size by changing the size from 5 to 20 degrees with
a step of 5 degrees. We also calculated a circular variance of the
relative phases (length of a resultant vector in the circular plot of
relative phases) as another measure of synchronization consis-
tency [43]. We confirmed that the mean synchronization indices
during the music condition were significantly higher than those
in the silent condition regardless of the indices (Figure S11). We
also confirmed that ID1 and ID25 showed significant phase
synchronization on Monte-Carlo statistics regardless of the
indices (Figures S12-S14). On the other hand, the results of
Monte-Carlo statistics on ID20 were not consistent across the
indices: The significant synchronization was found only in the
measures of Shannon Entropy with the bin sizes of 10 and 20
degrees but not with 5 or 15 degrees nor in the measure of
circular variance.

Analysis of Vocalization

Spectrum subtraction. The recorded audio data in the
music condition included not only the infant’s voice but also the
sound of the auditory stimulus (Figure S8A). That is, the infant’s
voice in the music condition was contaminated by the song played
in the background. We therefore performed a spectrum subtrac-
tion: The spectrum of the auditory stimulus was subtracted from
the recorded auditory files to exclude the musical stimulus and
thus isolate the infant’s vocalization (Figure S8B). The spectrum
subtraction was not performed for the recorded audio data in the
silent condition since there was no sound from the auditory
stimulus in the background.

Voice activity detection. Root mean square (RMS) was
calculated from the pre-processed audio signal as a measure of
effective sound pressure with the time window of 0.1s
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(=3,600 data points) and with a time step of 0.01 s (=360 data
points) (Figure S8C). Voice activity detection (VAD) was
performed as;

{fVAD(t[ifT, i+1)=1 if prms(%) ZPTH’ (10)

Svap(t)=0 if prms(t) <pTh

where prms(?) is the RMS audio signal, ptg (=50 dB) is the
threshold, T equals to 0.1 sec (10 data points in the RMS signal),
t; is the i-th time point, and the detected areas were evaluated as 1.
All of the detected areas were verified by careful listening. The
total duration of the detected areas was divided by 60 s to qualify
the mean duration of vocalizations per minute.

Fundamental and formant frequencies. The fundamental
frequency (Fy) was extracted for each detected voice using
STRAIGHT (Speech Transformation and Representation
using Adaptive Interpolation if weighted spectrum), a method
of instantaneous-frequency-based F, extraction [58,59]. For-
mant frequencies (F; and Fy) were calculated based on a 14
order Linear Predictive Coding (LPC) algorithm using Praat
[60]. Mean and standard deviation (SD) within an utterance
were calculated for each of the detected areas. The Mean and
SD values were averaged among the detected areas for each
infant.

Supporting Information

Figure S1 Spontaneous limb movements of infants
when they listen to ‘‘Go Trippy’’ by WANICO feat. Jake
Smith (music condition, see also Video S5) and those
without any auditory stimulus (silent condition, see also
Video S2).

(PDF)

Figure $2 Experiment setup.
(PDF)

Figure S3 Schematic overview of our pipeline for
analysis of limb movements.

(PDF)

Figure S4 Significant synchronization in right leg
movements of ID1 during playing of a drumming
pattern (100.0 BPM) (see also Video S6).

(PDF)

Figure S5 Significant synchronization in left arm move-
ments of ID25 during the music condition ‘‘Everybody”’
(108.7 BPM) (see also Video S4).

(PDF)

Figure S6 Non-significant phase wandering pattern in
left hand movements of ID25 during the music condition
“Go Trippy’’ (130.0 BPM) (see also Video S5).

(PDF)

Figure 87 Significant synchronization in right leg
movements of ID20 during the music condition ‘““Every-
body”’ (108.7 BPM).

(PDF)

Figure S8 Schematic overview of our pipeline for

analysis of vocalizations.

(PDF)

Figure S9 Spontaneous vocalizations of infants during
the music condition ‘“Everybody”’’ by Backstreet Boys
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and during the silent condition. Error bars indicate
standard error (SE) between participants.
(PDI)

Figure S10 Further analyses for ID1 and ID25.
(PDF)

Figure S11 Mean synchronization indices across the
moving sections in silent (blue bars) and music (red
bars) conditions. Error bars indicate standard errors (SE) across
the moving sections (N =27 in music condition, N =24 in silent
condition).

(PDF)

Figure S12 Monte-Carlo statistics for ID1 showed
significant synchronization in his right leg movements
during the music condition ‘“‘Everybody”’ (108.7 BPM,
Video $3) regardless of the synchronization indices.
(PDE)

Figure S13 Monte-Carlo statistics for ID1 showed
significant synchronization in the right leg movements
during playing of a drumming pattern (100.0 BPM,
Video S6) regardless of the synchronization indices.

(PDF)

Figure S14 Monte-Carlo statistics for ID25 showed
significant synchronization in the left arm movements
during the music condition ‘““Everybody”’ (108.7 BPM,
Video S4) regardless of the synchronization indices.
(PDF)

Table S1 Infant profiles and the number of synchro-
nized movements to the musical beat during the music
condition ‘“Everybody’’ by Backstreet Boys and the
silent condition.

(PDF)

Table S2 Infant profiles and the number of synchro-
nized movements to the musical beat during the music
condition ““Go Trippy’’ by WANICO feat. Jake Smithand
the silent condition.

(PDF)

Table S3 Correlation between the age of days and the
behavioral measures during the music condition ‘“Ev-
erybody’’ by Backstreet Boys and the silent condition.

(PDF)

Table S4 Correlation between the age of days and the
behavioral measures during the music condition ‘“Go
Trippy”’ by WANICO feat. Jake Smith and the silent
condition.

(PDF)

Table S5 Proportions of power spectrum density within
0.05-1, 1-2, and 2-3 Hz frequency ranges relative to the
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Table S7 Detailed description of detected 51 moving
sections.

(PDF)

Video S1 An excerpt from the recording of the silent
condition in ID1.

(MOV)

Video S2 An excerpt from the recording of the silent
condition in ID25.
MOV)

Video S3 An excerpt from the recording of the music
condition in ID1. “Everybody” by Backstreet Boys (108.7 BPM)
was played as an auditory stimulus.

(MP4)

Video S4 An excerpt from the recording of the music

condition in 1ID25. “Everybody” by Backstreet Boys
(108.7 BPM) was played as an auditory stimulus.
(MP4)

Video S5 An excerpt from the recording of the music
condition in ID25. “Go Trippy” by WANICO feat. Jake Smith
(130.0 BPM) was played as an auditory stimulus.

(MP4)

Video S6 An excerpt from the recording of the music
condition in ID1. A drumming pattern (100.0 BPM) was played
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