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1 | INTRODUCTION

Studies of infant vocal behavior typically consider spontaneous vocal-
izations as precursors of language (Flack & Leavens, 2018; Locke, 1995;
Nathani et al., 2006; Oller, 1980; Stark, 1980). Early vocalizations train
the vocal apparatus and its articulators (Kent, 2022; Malas et al., 2017,
McCarthy, 1952; Nip et al., 2011; Vihman, 2017) and incrementally
become specific to the language being learned and ultimately words
recognizable in that language (Locke, 1995; Stoel-Gammon, 2011; Vih-
man, 2017; Vihman et al., 2009). This is no easy feat as intelligible
speech is comprised of a hierarchy of interacting linguistic compo-
nents including phonological features, vowels, consonants, syllables,
words, and prosodic envelopes. The development of articulatory con-
trol underlying each of these linguistic components is a protracted and
highly variable process relying on the ability to precisely integrate mul-
tiple functional, anatomical modules (Kent, 2022; McLeod & Crowe,
2018; Vihman, 2014).

The earliest sounds produced by infants are often considered to
be reflexive, a result of the infant’s immature ability to control their
breathing and digestion (Oller, 1980, 2000; Stark, 1980). The emer-
gence of sounds recognizable as speech-like occurs by 3 months and
includes oral, vowel-like sounds which often occur in the context of
caregiver-infant vocal turn-taking (Bloom et al., 1987). The repertoire
of sounds expands with these interactions and has been character-
ized as including loud, high pitch sounds, trills, friction noises, and
considerable phonetic variability as the infant explores the limits of
their vocal apparatus (Kent, 1992, 2022). As a result of increasing
articulator and respiratory control around 6 to 8 months of age, the
first adult-like pattern of sound production emerges: canonical bab-
bling (Davis & MacNeilage, 1995; Fagan, 2009; MacNeilage & Davis,
1990; Oller, 1980). After several months of producing these rhyth-
mic, speech-like syllable sounds, the first recognizable words begin
to emerge (Lewis, 1936; McCune & Vihman, 2001; Tomasello, 1995).
Even with the emergence of recognizable words, the produced sounds
are not considered to be completely mastered and articulatory control
continues to develop well into childhood (McLeod & Crowe, 2018). This
protracted development is not surprising given the complexity of the
mechanics of human vocalization.

Vocalizations are produced by vibrating the vocal folds of the lar-
ynx, pushing air through the vocal-tract airways (Ghazanfar & Rendall,
2008; Kent, 2022; Zhang, 2016), and coordinating multiple articulatory
muscle groups (Jirgens, 2002; Thelen, 1991). A one-syllable produc-
tion requires the coordination of over 80 muscles, many of which
are also vital for behaviors such as breathing, swallowing, and chew-
ing (Gavrilov et al., 2017; Hage et al., 2013; Jirgens, 2002). While
the coordination of these muscles and articulators during sound pro-
duction in infancy lay the foundation for spoken communication, it
is less clear how the development of articulatory control relates to
the general motor development of the infant. Oral-motor develop-
ment is typically studied separately from general motor development
and computational models of voice production in humans rarely con-
sider effectors outside of the lungs and vocal apparatus such as body
posture or head orientation (Zhang, 2016). One possibility is that the
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development of articulatory control to produce recognizable words
is self-contained; the orofacial cavity and the vocal apparatus could
develop independently from the rest of the body.

Alternatively, since the vocal apparatus is embedded in a body, it
may be yoked to the general motor development of the infant. During
the early development of many motor skills, including reaching, kicking,
and walking, there is a broad, synergistic activation of muscle groups
that extend beyond the muscles necessary for the specific action
(Bernstein, 1967; Latash, 2020, 2021). Thus, early reaches activate
leg movements and early kicking activates hand movements (D’Souza
et al, 2017; Gesell, 1954; Gibson & Pick, 2000; Soska et al., 2012;
Sporns & Edelman, 1993; Thelen, 1985) These extraneous movements
to hand actions and leg movements typically decrease with increasing
skill and have been discussed in terms of increasing specialization and
differentiation of functional motor systems in the brain (Gordon et al.,
2023; Johnson, 2011) as well as increasing inhibition of task irrelevant
motor movements (Aoyama et al., 2019). Critically, the activation of
task irrelevant muscle groups is often observed in new skill acquisitions
or difficult skills throughout life (Frére & Hug, 2012; Latash & Anson,
2006; Muceli et al., 2010) as well as in stroke patients (Jo et al., 2016;
Latash & Huang, 2015).

Other evidence indicates that motor development is associated with
advances in language development. The acquisition of walking is cor-
related with vocabulary development, even when accounting for age
(Walle & Campos, 2014). Children with language delay exhibit general
movement deficits (Geuze & Kalverboer, 1994: Hill et al., 1998; Wolff
et al,, 1990) and a significant delay in several locomotor transitions,
particularly the onset of walking (Trauner et al., 2000). One specific
pathway to link language and motor development is the development
of articulatory control in vocalization. The present study examines
this link by investigating whether vocalizations co-occur with other
ancillary body movements.

Hand motions have been reported in the context of reduplicated
babbling and canonical vocalizations (Iverson, 2010; lverson et al.,
2007; Thelen, 1979). Nonetheless, it is unknown whether similar prin-
ciples of increasing isolation and coordination of relevant muscle
groups during the acquisition of motor skills apply to the development
of articulation. Here, in a combined cross-sectional and longitudinal
dataset, we examined vocalizations by a cohort of infants from 9 to 24
months of age, a developmental period of marked growth in the com-
plexity and quality of vocal productions. We specifically asked: do early
vocalizations co-activate other body movements? And if so, what is the
developmental course? To capture movement outside of the articula-
tors, head and hand movement were measured using motion capture
sensors as infants participated in tabletop play with a caregiver. This
broad age range spans a period where infants readily produce many
types of vocalizations but are still learning to produce mature speech
(Flack & Leavens, 2018; Iverson, 2010; Locke, 1995; Tamis-LeMonda &
Bornstein, 1990).

The main empirical question is whether the measured hand and
head movements occur synchronously to a vocalization. If so, this
would indicate that the development of vocal production has simi-

lar developmental principles to the acquisition of other motor skills.
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The secondary question was to determine possible developmental
changes in these synchronous movements during this broad develop-
mental period. Early in development, infants often have difficulty in
timing the precise movement of their articulators, resulting in unrec-
ognizable vocalizations. With increasing age, infants incrementally
advance, developing more precise control in producing language tar-
gets. Our initial working hypothesis was that as speech production
skills increased during this period, temporally linked motor movements
would decrease.

2 | METHODS
2.1 | Participants

A total of 44 infants (22 male) participated in a combined cross-
sectional and longitudinal design at 9, 12, 15, 18, 21, or 24 months
of age. Caregivers did not report any atypicalities in motor develop-
ment or language delays. Each infant participated at different ages for
a median of 3 sessions (SD = 1.33) yielding a total of 132 sessions
distributed across the 6 ages at testing. Table 1 shows the data for
the sessions contributed by each participant. The sample of infants
was broadly representative of Monroe County, Indiana (84% Euro-
pean American, 5% African American, 5% Asian American, 2% Latino,
4% Other) and consisted of predominantly working- and middle-class
families. All research was approved by the Human Subjects and Insti-
tutional Review Board at Indiana University (Protocol #0808000094).
Caregivers volunteering their infants for the study were fully informed
of the study procedures and completed written informed consent and

permission forms in advance of the study.

2.2 | Experimental setup

Infants sat at a small table (61 cm x 91 cm x 64 cm) while their care-
giver sat across the table from them. The child was seated in a highchair
that did not restrain hand and head movements. They were free to shift,
lean, and rotate their upper body, head, and to reach for objects in play
on the tabletop. A wired motion capture system (Polhemus Liberty, Pol-
hemus) was used to measure head and hand movement. Three sensors
were used: one sensor was affixed to a head band on the right tem-
ple of the infant’s head and two sensors were embedded in the back
of fingerless gloves, providing measurement from the back of the left
and right hand. The motion-capture sensor collected rotational posi-
tion data (roll, pitch, and yaw) at 60 Hz. Vocalizations were recorded
at 16 kHz using a small microphone worn by the infant. The micro-
phone was mounted on the right side of a head-mounted eye tracker

and positioned in front of the child’s mouth.

2.3 | Instructions and procedure

Caregivers were told the goal of the experiment was to study how
infants manually and visually explored objects and that they should
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encourage their infants to interact with the objects as naturally as pos-
sible. The infants were engaged with the objects for up to 4 trials, each
approximately 1.5 minin duration, resulting in roughly 6 min of data per
session.

2.4 | Data processing

An individual vocalization was defined as any sound emitted by the
infant’s mouth with a minimum inter-vocalization-interval of 300 ms,
regardless of intentionality or linguistic content. This included vege-
tative sounds such as coughs and yawning as even incidental sounds
use the same vocal apparatus as intentional sounds. The minimum
interval of 300 ms has been used in previous literature on infant-
adult vocal turn-taking to distinguish between individual vocalizations
(Gratier et al., 2015). A total of 3245 vocalizations were identified. All
sounds uttered by the child were labeled and included in the present
study. To code the onset and offset of vocalizations, the .wav file of
the experimental session was imported into Audacity (Audacity, The
Audacity Team) and a video of the session with a clear view of the child’s
face was played using VLC Player (VLC media player, VideoLan). While
these two signals were not synchronized during the coding process,
the audio from the video in the VLC player allowed the research assis-
tants to easily align audio in Audacity to video. The onset and offset
of a child vocalization were identified by listening to the audio of the
session while visually examining the sound amplitude waveform, the
spectrogram, and referencing the video of the session.

Therecognizability of the vocalizations was coded by research assis-
tants responsible for coding many different projects and naive to the
specific hypotheses or experimental questions of this study. A ran-
dom subset of 80% of the vocalizations was randomly distributed
to four research assistants so that each vocalization was coded four
times. Research assistants were asked whether the vocalization they
heard was recognizable as an English word or a novel object name.
Research assistants were given a list of the names of the novel
objects to refer to during this task. Each vocalization was then given
a recognizability score corresponding to the sum of the responses
the four research assistants gave (0 = completely unrecognizable,
4 = completely recognizable).

2.5 | Rotational velocity

The placement of the motion sensors was not consistent between
subjects during the experiment due to infant behavior. Experimenters
needed to place the sensor and adjust it in one or two moves, or else
the infant would pull it off. Therefore, small variation was allowed in
final placement. While the sensors are at the same location (right tem-
ple, the back of both hands) the orientation of the sensor varies. Any
displacement of a sensor would register as movement. Thus, changes
in position are an unreliable measure and rotation was used. Measuring
rotation gives us the angular displacement of the head and hands. Rota-
tion signals were filtered using a second order, low-pass Butterworth

filter at 0.3 Hz. The rotational velocity of the head and each hand was
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TABLE 1 Breakdown of subject participation for each age level. Age at which subject was tested with ‘x’ indicating when tested.

Subject ID 9 months 12 months 15 months 18 months 21 months 24 months
1 X
2 X X

3 X X X

4 X X X
5 X

6 X X X X X X
7 X X X X
8 X X X
9 X X X X
10 X X X
11 X X X X
12 X X
13 X X X X X
14 X X X X X
15 X X

16 X X

17 X X X X
18 X X

19 X X X X X X
20 X

21 X X X
22 X X X X
23 X X X X X X
24 X X X X
25 X X X

26 X X
27 X X X X
28 X

29 X X X X X
30 X X X

31 X X

32 X X

33 X X

34 X X X

35 X X X

36 X X X

37 X X X
38 X X

39 X X X
40 X X
41 X X X
42 X X

43 X X
44 X X X

Total sessions

W N N W N WDN W W W wNNDNWOanRPLR DN W PO D O RN DN DN UG GNP O DLW DR, W OWDN R

85U80|7 SUOWILLOD 311D 8(edl(dde ay3 Aq pausenob aJe sa[onle O ‘8SN JO SN 10 A%eIq1T8UIIUO A8]1/V UO (SUORIPUOD-PpUe-SWB}/W0o A8 | 1M Aeiq 1 Bulu0//SANY) SUORIPUOD Pue SWIB L 84} 89S " [7202/20/70] U0 AriqiT8ulluO AB1IM ‘TEFET 9S9P/TTTT OT/I0P/M0D A8 | 1M AReIq1jeul|uoy/:Sdny Wouy pepeoiumod ‘0 ‘289./97T



BORJONET AL.

then calculated by taking the difference in angular rotation between
subsequent samples divided by the change in time between samples.
Rotational velocities exceeding the 99th percentile for each individ-
ual per age level were replaced with NaNs in Matlab and excluded
from further analysis. Acceleration in movement was calculated by tak-
ing the difference in velocity between subsequent samples. No other
interpolation was used.

No distinction was made between purposeful and incidental hand
movements in the present analysis. To measure overall body move-
ment, the average velocity across the head, left hand, and right hand
was calculated. Median body movement was also calculated for a
period of time before vocal onset and after vocal offset equal to the
duration of the vocalization. These periods of time overlapped across
vocalizations, and we did not directly control or treat for this overlap.

To determine whether the rotational velocity of the head or hands
exceeded chance, a bootstrapped baseline significance test was con-
ducted. For each of the 1000 permutations, random portions of data
were chosen for each session equal in number and duration to the
vocalizations produced. At the end of the simulation, the 2.5 and
97.5 percentiles of each bin were calculated and moments of rota-
tional velocity exceeding these bounds were considered statistically
significant.

Precision in timing of movement for each vocalization was calcu-
lated by finding periods of time when acceleration in movement was
positive. Throughout the data there were instances of 1 or 2 data-
points exhibiting acceleration, corresponding to 16-33 ms. To ensure
we were not capturing incidental noise, we implemented a threshold
whereby acceleration had to be sustained for at least 100 ms to be
considered a movement. This corresponds to at least 6 consecutive
datapoints with positive acceleration (at a sampling rate of 60 Hz). Pre-
cision in movement timing was defined as the duration in time from the
onset of the accelerative movement just prior to the vocalization to the

vocalization’s onset.

2.6 | Statistical approach

To incorporate variability between the rotational velocity of the head,
left hand, and right hand, the average rotational velocity was calcu-
lated to represent overall body velocity. Given recognizability scores
are comprised of discrete values, the average was used to incorpo-
rate variability in scores as well. All other calculations use median
and interquartile range (IQR) as measures of central tendency and
variability.

For all the analyses reported in this paper, the alpha level was set
at 0.01 to minimize the likelihood of false positives. P-values for each
conducted analysis were corrected for multiple comparisons using the
Bonferroni-Holm correction (Holm, 1979). Using fitime in Matlab, lin-
ear mixed effects (LME) models were constructed for each dependent
measure with a continuous predictor variable. Dependent measures
were the number of infant vocalizations, vocalization duration, the pro-
portion of recognizable words receiving a maximum score of 4, the

average recognizability score per individual, and the precision of move-
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ment. Logistic regressions were constructed in Matlab using fitglme for
dependent variables with binary outcomes: whether a vocalization was
recognizable (value of 1) or not (value of 0). For both LMEs and the
logistic regressions, subject identity and total number of trials were
included as a random effect and infant age level was included as a fixed
effect. The formula for the LME and logistic regression was as follows:

dependent variable ~ age + (1|subject identity) +
(1|number of trials)

The main effects were determined by running an ANOVA on the LME

and logistic regression.

3 | RESULTS

The number of infant vocalizations produced in each session (median
session duration 5.052 min, IQR = 2.921 min) increased from 9- to
24-months-of-age (LME, F(5, 126) = 7.837, p < 0.0001) with infants
producing a median of 14 vocalizations (IQR = 9) per session (3.202
vocalizations per minute) when they were 9 months old and a median
of 31.5 vocalizations (IQR = 34) per session (6.013 per minute) when
they were 24 months old (Table 2). The duration of infant vocalizations
ranged from a median of 0.653 s (IQR = 0.450) at 9 months of age
and 0.896 s (IQR = 0.263) at 24 months of age (Table 2). There was no
main effect of age on the duration of vocalizations produced (LME, F(5,
126) =2.495,p =0.034).

We determined whether the vocalizations were attempted words
by asking four adult listeners to score the audio of the vocaliza-
tions as a recognizable word, yielding a recognizable word score of
0 to 4 (see Methods). The proportion of recognizable words that
received a maximum recognizability score of 4 (Figure 1a, LME, F(5,
126) = 15.319, p < 0.0001) increased with age as did the aver-
age recognizability score for each individual (Figure 1b, LME, F(5,
126) = 17.456, p < 0.0001). The average recognizability score var-
ied from a mean of 0.384 (STD = 0.431) for the 9-month-old infants
to 1.833 (STD = 0.549) for the 24-month-old infants (Table 2). This
increase of recognizable word scores with age shows the expected
age-related increases in attempted word production and the increasing
closeness of those vocal productions to a recognizable adult form.

The rotational velocity of the motion sensors affixed to the head and
both hands was calculated 3 s before the onset of a vocalization until 3s
after for all age groups. Approximately 97% of all vocalizations were
less than 3 s in duration. Figure 1b shows two individual exemplars
of vocalizations and co-occurring hand and head movements from one
participating infant when the infant was 9 and 24 months of age.

Infants at every tested age moved their head and both hands when
producing a vocalization. Figure S1 shows the median rotational speed
for the head, left hand, and right hand for every age group with confi-
dence intervals. These movements are significantly faster than baseline
(calculated from a bootstrapped permutation test of randomly selected
portions of data for each subject, see Methods). Changes across the

three effectors appeared to be simultaneous as indicated by z-scored
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TABLE 2 Breakdown of the median and interquartile ranges for the number of vocalizations per session, the duration of vocalizations per
session, and the proportion of recognizable words per session. The average recognizability score per subject at each age level with standard

deviation.

Number of vocalizations per

session session
9 months 11(9) 0.653(0.450)
12 months 11 (14.75) 0.837(0.464)
15 months 17.5(16.5) 0.874(1.152)
18 months 21(24) 1.128(1.281)
21 months 34.5(31) 0.737(0.263)
24 months 31.5(34) 0.896(0.263)
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Experimental setup and exemplar data. (a) Image of the experimental setup. Note the microphone visible, mounted on the right side

of the eye tracker and positioned in front of the child’s mouth. (b) An exemplar demonstrating the rotational velocity of the head, left hand, and
right hand beginning 2 s before the onset of a vocalization and ending 2 s after for a single individual at 12 months and at 24 months of age. The
shaded region indicates the duration of the vocalization. (c) The proportion of recognizable vocalizations for each age group. (d) The average

recognizability score for each individual in each age group.

medians of rotational velocity for the head, left hand, and right hand
(Figure 2a). Age-related differences emerged solely in the timing of
extraneous body movements and not in their occurrence (Figure 2b).
To determine whether the observed movement during a vocalization
was different to comparable periods of time before and after a vocaliza-
tion, we defined two periods “before” and “after” each vocalization with
the duration equal to that of the vocalization itself (Figure 2c). Using
a flexible window to define periods of time “before” and “after” con-
trols for the fact that vocalizations are of different durations. Wilcoxon

rank sum tests comparing the median rotational velocity of the body
movements before and during a vocalization revealed a significant
increase for the 21-month (Z = —6.239, p < 0.0001) and 24-month
(Z = —6.630, p < 0.0001) age groups, with a significant decrease in
median body velocity when comparing the period during a vocalization
to the period after the vocalization has ended (21-month Z = 8.208,
p < 0.0001; 24-month Z=7.473,p < 0.0001). That is, the peak velocity
of hand and head movements for older children co-occurred with the
vocalization while it did not for younger children. Children in these
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FIGURE 2 Changes in the temporal properties of movement around vocal production. (a) The z-score of the median rotational velocity for
body movement beginning 3 s before the onset of a vocalization and ending 3 s after the onset for every age group observed. Vertical solid black
line indicates the onset of the vocalization while the vertical shaded region indicates the median vocalization duration for that age group. (b) The
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observed. Vertical solid black line indicates the onset of the vocalization and the vertical shaded region indicates the median vocalization duration
for that age group. Horizontal shaded region indicates bootstrapped 95% confidence interval and black line indicates the median. Regions of the
median in red indicated points in time when the rotational speed exceeded the bounds of a bootstrapped significance test. (c) Median body velocity
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older age groups also produced the most recognizable word sounds.
Younger age groups, who produce fewer recognizable words, show
no significant change in body movement during a vocalization com-
pared to a comparable duration immediately before onset (minimum
Z = —1.517, maximum Z = 0.040, minimum p = 0.266, maximum
p = 0.968) or after offset (minimum Z = 1.211, maximum Z = 2.861,
minimum p = 0.017, maximum p = 0.231). In sum, prior to a vocaliza-
tion, all infants began to move their head and hands. With increasing
age, the onset of those extraneous movements and their peak velocity
became more temporally tied to the onset of the vocalization.

At all ages, infants moved before beginning a vocalization. The
earliest time point at which the rotational velocity exceeded the
bootstrapped significance test within 1 s of the onset became closer
to the onset of the vocalization with age (9 months = 917 ms, 12
months = 917 ms, 15 months = 983 ms, 18 months = 683 ms, 21
months = 416 ms, 24 months = 250 ms). To confirm the observed
tightening in the timing of movement to vocalization onset, we also
calculated the time from the onset of acceleration in body move-
ment to the onset of a vocalization for every vocalization at each
age group. LME models revealed a significant main effect of age (F(5,
2572) = 3.163, p < 0.0004) and an interaction between age and rec-
ognizability of word production in the duration between acceleration
onset and vocalization onset (F(5, 2572) = 4.151, p < 0.0009) with
no main effect of recognizability (F(1, 2572) = 0.864, p = 0.353). To
determine whether the recognizability of a vocalization could be pre-
dicted from this precision in timing and the age of the infant, a logistic
regression with random effects was conducted. Recognizability was
defined to only include vocalizations where all four individual raters
unanimously agreed the vocalization was a recognizable word. There
was a main effect of age on recognizability of word production (F(5,
2572) = 10.237, p < 0.0001) with no main effect of movement pre-
cision (F(1, 2572) = 1.179, p = 0.278) and no interaction between
age and precision (F(5, 2572) = 0.825, p = 0.532). A Wilcoxon rank
sum test comparing the distributions of the precision in timing for all
recognizable and unrecognizable words in the corpus revealed a sig-
nificant difference (Z = = 3.446, p < 0.0001) whereby recognizable
vocalizations were less variable in their precision than unrecogniz-
able vocalizations; however since this analysis includes the confound
of increasing age and increasingly recognizable vocal productions, it
does not provide clear evidence of a link between recognizability

independent of age and more temporally precise body movements.

4 | DISCUSSION

Body movements extraneous to a behavior are common in early human
development (Addamo et al., 2007; D’Souza et al., 2017; Hoy et al.,
2004; Soska et al., 2012). Later in life, these extraneous body move-
ments are observed when new motor skills are learned (D’Souza et al.,
2017; Gesell, 1954; Gibson & Pick, 2000; Soska et al., 2012; Sporns &
Edelman, 1993; Thelen, 1985). Co-occurring extraneous body move-
ments, such as hand movements when kicking, are often interpreted

in terms of an overflow of neural motor activations and indicative
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of motor pathways that are not fully differentiated (Addamo et al.,
2007; Hoy et al., 2004). From this perspective, the present findings sug-
gest a protracted period extending to the second birthday when the
orofacial region and other muscle groups are often co-activated pre-
ceding and during the production of vocalizations. This observation
suggests a link between advances in general sensory-motor devel-
opment and advances in speech production (Ejiri & Masataka, 2001;
Iverson, 2010; lverson & Goldin-Meadow, 2005; Iverson & Thelen,
1999). The increased temporal precision of co-occurring body move-
ments with vocalizations across age suggests possible developmental
changes in the precision or noise reduction of neural signals from
the orofacial muscles that produce speech to the head and hands. In
brief, the findings are consistent with the hypotheses of both real-
time interactions and a common developmental course for different
motor system components and thus a potential pathway for the pre-
dictive relations among general sensory-motor development and early
language development.

Human infants can produce well over 2000 vocalizations aday (War-
laumont et al., 2014), and the cumulative effect of vocalizing over time
likely strengthens neural connections between these vocalization-
related muscle groups and the brain, defining motor representations
distinct from those of other body parts (Johnson, 2011; Merzenich,
2001). Indeed, neurophysiological evidence from humans and other
mammals supports the refinement and formation of brain areas (Cad-
well et al., 2019) during the sensory feedback of muscle activity
(Kanazawa et al., 2023), particularly during sleep (Blumberg et al.,
2022; Dooley et al., 2021) and whole-body action planning (Gordon
et al., 2023). Even in the peripheral nervous system, consistent use of
a muscle facilitates the refinement and pruning of neural connections
to the muscle (Lanuza et al., 2018; Lee, 2020; Thompson, 1983). The
broad, imprecise movements observed during vocal production may
indicate that the neural signals to the articulators are initially noisy,
broad, and imprecisely timed which may be reflected in noisier and
longer extraneous body movements. This conjecture is consistent with
findings about diffuse activation patterns in primary motor cortex dur-
ing the initial acquisition of stepping and reaching (Nishiyori et al.,
2016, 2021) and poorly differentiated speech representations in pri-
mary auditory cortex having cascading impacts on children’s reading
and language abilities (Merzenich, 2001; Nagarajan et al., 1999).

Thus, individual differences in the ability to form mature word pro-
ductions may partly lie in the lack of precise timing and precision in
the signals needed to coordinate the articulators which may also be
reflected in difficulty in the timing and precision of co-occurring and
extraneous motor behaviors. A further implication of this conjecture
is that infants with vocal articulation disorders may possess impair-
ments in the ability to coordinate and time the movement of other
body parts. Such an interaction is plausible; children with developmen-
tal language delay exhibit deficits in the ability to time manual actions
across both hands (Vuolo et al., 2017). Discoordination of the vocal
articulators, and a delay in the production of recognizable words, may
thenreflect immaturity or disruptions in general motor control. Indeed,
children with language delay have been reported to exhibit general
movement deficits (DiDonato Brumbach & Goffman, 2014; Geuze &
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Kalverboer, 1994; Hill et al., 1998; Sack et al., 2022; Wolff et al., 1990)
and a significant delay in several locomotor transitions, particularly the
onset of walking (Trauner et al., 2000). Further, infants who exhibit
a delay in babbling, the first adult-like pattern of sound production
(Davis & MacNeilage, 1995; Fagan, 2009; MacNeilage & Davis, 1990;
Oller, 1980), also exhibit a reduction in rhythmic manual behavior and
postural stability (Iverson & Wozniak, 2007).

The present study did not distinguish between vocalization type
nor movement type. More mature movements in later development,
such as pointing, may coincide with the production of a vocalization.
Determining whether movement type is related to the increasing pre-
cision in movement timing during vocal production is a path of future
inquiry. A second line is to disentangle whether deficits in language
development concurrently interact with deficits in the motor system
or whether deficits across these two domains represent a larger, more
general deficit.

In sum, vocal production may be intrinsically embedded within the
motor system throughout development (Pouw & Fuchs, 2022). Inci-
dental movements and actions induce short grunt vocalizations in
infants, providing an early training ground for the vocal apparatus to
produce sounds (McCune, 2021; McCune et al., 1996, 2021). Canon-
ical babbling emerges during a period of rhythmic manual activity
(Burkhardt-Reed et al., 2021; Cobo-Lewis et al., 1996; Ejiri & Masataka,
2001; Iverson & Wozniak, 2007; Locke et al., 1995; Thelen, 1979) and
the emergence of these rhythmic arm movements precede the onset
of canonical babbling (Iverson & Fagan, 2004). In adults, manual ges-
tures can become entrained to speech patterns such that gesture and
speech slow concurrently (Pouw & Dixon, 2019; Stoltmann & Fuchs,
2017) and can become entrained through visual feedback (Pouw et al.,
2021; Pouw, Harrison, & Dixon, 2020; Pouw, Harrison, Esteve-Gibert,
et al.,, 2020; Pouw, Paxton, et al., 2020).

The present results indicate that head and hand movement co-
occur with vocalizations and become more temporally coordinated
with vocalizations during the developmental period of 9 to 24 months,
when infants increasingly produce recognizable words. Understanding
the mechanisms driving this change in motor coordination has broad
implications for identifying the processes that limit or promote increas-
ingly mature word productions. This is because the articulators and
orofacial region are embedded in a growing and changing body and
their development is not isolated from the rest of the nervous system.
Learning to produce recognizable words recruits similar processes to
learning other motor skills like reaching and kicking and occurs during

the same developmental time frame.
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