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Abstract 
Background: Advances in wearable sensor technology now allow us 
to quantify the number, type and kinematic characteristics of bouts of 
infant arm movement made across a full day in the natural 
environment. Our aim here was to determine whether the amount 
and kinematic characteristics of arm movements made across the day 
in the natural environment were related to developmental status in 
infants with typical development as they learned to reach for objects 
using their arms. 
Methods: We used wearable sensors to measure arm movement 
across days and months as infants developed arm reaching skills. In 
total, 22 infants with typical development participated, aged between 
38 and 203 days. Of the participants, 2 infants were measured once 
and the other 20 infants were measured once per month for 3 to 6 
visits. The Bayley Scales of Infant Development was used to measure 
developmental level. 
Results: Our main findings were: 1) infant arm movement 
characteristics as measured by full-day wearable sensor data were 
related to Bayley motor, cognitive and language scores, indicating a 
relationship between daily movement characteristics and 
developmental status; 2) infants who moved more had larger 
increases in language and cognitive scores across visits; and 3) larger 
changes in movement characteristics across visits were related to 
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higher motor scores. 
Conclusions: This was a preliminary, exploratory, small study of the 
potential importance of infant arm movement characteristics as 
measured by full-day wearable sensor data. Our results support full-
day arm movement activity as an area of interest for future study as a 
biomarker of neurodevelopmental status and as a target for early 
intervention.

Keywords 
infant development, motor skills, wearable sensors, movement 
system, arm reaching
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Table 1. Demographic characteristics of infants.

Gender Ethnicity Race Highest education 
of either parent

10 male 16 Hispanic or Latino 10 White/Caucasian 5 doctorate
12 female 6 not Hispanic or Latino 9 other 5 high school

1 American Indian/Alaska Native 3 bachelor
1 Black or African American 3 some college
1 declined 3 declined

2 master
1 associate

Introduction
Arm reaching skill develops at an early age1. Reaching is a foun-
dational, fundamental skill as it allows infants to touch and/or 
gain possession of and explore a desired object. In order to  
provide early intervention for infants who do not optimally 
develop these important foundational skills, it is crucial to quan-
tify and describe infants’ earliest practice of spontaneous and 
goal-directed arm movements and their developmental progres-
sion of reaching skills. To accurately quantify practice, it is  
necessary to record arm movement behavior across full days. Our 
goal here was to determine how patterns and characteristics of  
spontaneous and goal-directed arm movements produced 
across full days relate to the development of reaching skill and  
overall developmental rate in infants with typical develop-
ment. This is necessary background information that will begin 
to inform what type of early intervention (type and amount of 
practice) is required to improve developmental outcomes for  
infants at-risk of developmental delays.

Reaching skill changes rapidly in the first year. Across just a 
few months, the baby progresses from not reaching for objects 
to reaching and grasping an object using the whole hand, to  
progressing further to pick up a tiny pellet using a skilled 
grasp1. Infants with typical development generally first learn to 
reach for objects at a very young age, usually between 3 and 5 
months, with improvements made in straightness and smoothness  
during the first year2–4. For example, in younger infants, Bhat 
and Galloway5 reported on 13 infants, 8 weeks to onset of reach-
ing, and described three phases of reaching. During the early  
phase, infants decreased their movement distance and velocity 
in the presence of a toy. During the mid-phase, infants 
increased the movement quantity, velocity, and smoothness; 
and decreased their hand–toy distance in the presence of a toy. 
During the late phase, infants continued to change their hand  
position to get closer and to contact the toy5. Gonçalves et al. 
also studied young infants (aged 4–8 months) longitudinally and 
found an increased number of touches and hits, and changes in  

time and distance kinematics during reaching trials6. Nelson  
et al. studied 11–14-month-olds (53 infants) and found improve-
ments in reach straightness and smoothness, kinematic changes  
and emergence of handedness as the infants matured7.

Although authors have described common general patterns 
occurring at each stage of reaching, infants proceed through 
the stages along their own unique timelines and developmental 
trajectories3,8. While it is likely that the amount and type of arm 
movement practice an infant participates in across days and 
months contributes to their rate of reaching skill development,  
whether infants’ practice of arm movements across the day 
in their natural environment is related to the progression  
of reaching skill has not been investigated.

One reason this fundamental question about the relationship 
between arm movement practice and the development of 
reaching skill has not been investigated has been the lack of  
feasibility of collecting detailed full-day information about arm  
movements. As described in the aforementioned previous studies,  
previous assessment of reaching skill has been limited to short 
measurements in laboratory settings using three-dimensional 
motion analysis and video equipment. To allow full-day assess-
ment, we have developed the use of wearable sensors to allow 
the measurement of full-day infant arm movement activity  
in the natural environment9.

Advances in wearable sensor technology now allow us to  
quantify the number, type, and kinematic characteristics of bouts 
of infant arm movement made across a full day in the natural 
environment9. In the current study, we used wearable sensors 
to quantify full-day arm movement characteristics across days 
and months as infants learned to reach. We used video coding  
of a standardized reaching assessment to describe reaching 
skill progression and the Bayley Scales of Infant Develop-
ment1 to measure developmental rate. Our aim here was to 
determine whether the amount and kinematic characteristics 
of arm movements made across the day in the natural environ-
ment was related to developmental status in infants with typical  
development as they learned to reach for objects using their arms.

Methods
Recruitment
We used wearable sensors to measure arm movement across days 
and months as infants developed arm reaching skills. In total, 
22 infants with typical development participated, between 38 
and 203 days of age (Table 1). There were 2 infants measured  

            Amendments from Version 1
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once, with the other 20 infants measured once per month  
for 3 to 6 visits, until the infant successfully reached and grasped 
a toy with high skill (reaching skill assessment described below). 
Infants did not start the study at a particular time point in rela-
tion to their birthdate (e.g., near the day of the month they were 
born), however time between visits was kept consistent at 1 month 
+/- 7 days. This was a preliminary study to explore potential  
relationships of interest, and we used a sample of conven-
ience. Inclusion criteria: infants were from singleton, full-term 
births (over 38 weeks). Exclusion criteria: infants experiencing  
complications during birth, or with any known visual, ortho-
pedic or neurologic impairment at the time of assessment, or 
with a score at or below the 5th percentile for their age on the 
Alberta Infant Motor Scale10 at the time of testing were excluded. 
Infants were recruited by a member of the research team in-
person at the Eisner Health Clinic (Los Angeles, CA, USA), 
through fliers distributed or posted at the University of Southern  
California (USC), and by word of mouth. This study was 
approved by the Institutional Review Board of USC (HS-14-
00690). A parent or legal guardian signed an informed consent  
form prior to their infants’ participation.

Assessment
Infants were measured primarily in the family’s home. Per the 
family’s preference, two families came to the laboratory at 
the USC Health Science Campus for some of their visits. For 
these visits, they were in the laboratory for about an hour and 
then resumed their typical daily activities for the rest of the day 
while the baby wore the movement sensors. At each visit of the 
family to the laboratory or the researcher to the family’s home, 
the infant’s weight, body and limb lengths, and head and limb  
circumferences were measured. Motor, cognitive and lan-
guage development were assessed by administering the Bayley 
Scales of Infant Development, 3rd edition, a standardized, norm-
referenced observational scale1. In total, 5 min of video was 
recorded of the infant’s spontaneous movement in supine, while 
they wore a sensor on each arm. The parent or guardians’ high-
est level of education completed was recorded, as was the number 
of languages spoken in the home. Families were compen-
sated for each visit. Data were stored on a password-protected  
server or in a REDCap electronic database (version 6.14.2)  
hosted by USC.

Wearable sensors
Small, lightweight, wireless wearable sensors (APDM, Inc., 
Portland, OR, USA) were inserted into custom fabricated arm 
sleeves with a pocket to secure and cover the sensor and were 
placed above the infant’s wrists. The movement sensors are 
plastic and measure 48.5 × 36.5 × 13.5 mm and weigh 22 g  
(Figure 1). The sensors were actively synchronized to each other, 
recording at 20 samples per second. The infant continued to  
wear the movement sensors for 8–13 h as the infant and 
caregiver(s) engaged in their normal daily activities. Caregivers 
were instructed to pursue their typical activities, and to remove 
the sensors for any water activities (e.g., bathing or swimming). 
The arm sleeves and sensors were removed by the caregiver when 
the infant went to bed for the night and were picked up by the  
research team the following day.

Reaching skill assessment and electroencephalography
At each session, we simultaneously assessed reaching skill and 
electrical activity of the brain using electroencephalography 
(EEG). We placed an EEG cap on the infant. One video camera 
was positioned to record object contacts during reaching. Infants 
sat the lap of their caregiver and were held securely around the 
trunk. There was a baseline EEG trial for 1 min, followed by 5 
reaching trials alternating with 5 no-reach trials. Each reaching  
and no-reach trial lasted 20 s. For each reach trial, a small, graspa-
ble toy was positioned at mid-line, within the infant’s reach  
(Figure 2a). If the infant successfully grasped the toy, they were 
allowed to explore it briefly before we removed it and offered it 
again, for the duration of the 20 s trial. The no-reach trials were  
20 s of social interaction without an object in reach. For detailed 
EEG methods and results, please see our 2018 publication11.

Data analyses
Wearable sensors. We analyzed full-day arm movement data 
as described in our previous paper9. We calculated the mean 
values across a full day for the following variables for right 
and left arm movement data. Descriptions of the measures are 
briefly summarized here. The daily arm movement rate (bouts/
hours awake) is the number of bouts of arm movement an 
infant made across a full day, normalized to number of hours  
(to the nearest 5 min) that the infant was awake and wear-
ing the movement sensors. A new bout of arm movement 
was counted each time the arm paused. A higher rate indi-
cates that the infant moved more across the course of the whole  
day. We also calculated the duration (s), average accelera-
tion (m/s2), and peak acceleration (m/s2) of each arm move-
ment bout and reported the daily mean. Finally, as a general  
calculation of overall arm “activity”, we calculated the area 
under the absolute value of the resultant acceleration curve across  
the time period the sensors were worn by the infant. To com-
pare between visits, we normalized to number of hours (to the 
nearest 5 min) that the infant was awake and wearing the move-
ment sensors (normalized acceleration area). A larger normalized  

Figure 1. Infant wearing sensors on each arm. Inset: Three 
wearable sensors shown with a standard U.S. quarter dollar for 
reference.
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acceleration area value indicates that the infant is moving  
the arm more frequently and/or faster than a smaller value.

Reaching skill assessment. Video data of reaching behavior was 
behavior-coded by a single coder using ELAN frame-by-frame 
analysis software (version 4.6.2)12. We identified when a reach was 
performed and the outcome of the reach attempt. Reaches were 
selected from the continuous video recording if the hand started 
from a still position or change in direction and moved closer to 
the toy being presented. The outcome of reaches was coded into 
four categories: no contact (infant was not close to contacting toy, 
for example got distracted and appeared to stop the attempt), miss 
(infant was clearly attempting to and close to touching toy but did 
not), touch (infant touched toy with fingers or palm of hand), or 
grasp (infant grasped toy with fingers or palm of hand) for each  
arm. Finally, we classified reaching skill at each visit as 
none, low, moderate, or high. None: the infant did not reach 
for the object, no touching or grasping. Low: the infant 
tried to reach for the object; however, there were only a few  
touches. Moderate: the infant reached for the object, but usually 
not right away, and the grasping was not mature. High: the 
infant reached directly and straight for the toy in almost all  
the trials, and the grasping was mature.

Statistical analyses. To determine whether the amount and 
kinematic characteristics of arm movements are related to  
developmental status, we calculated the intercept and slope 
(per day) for right and left arm movement variables (daily arm 
movement rate, duration, average acceleration, peak accelera-
tion, normalized acceleration area) for each infant across days  
in age and then correlated these with Bayley composite scores 
(motor, cognitive or language). Bayley composite scores are 
determined in 2-week, age-normalized windows and created 
to have a range of 40–160, mean of 100 and SD of 15. Com-
posite score classification are: 130 and above, very superior; 
120–129, superior; 110–119, high average; 90–109, average; 
80–89, low average; 70–79, borderline; 69 and below,  
extremely low1. An infant developing at a steady rate would 
be expected to have composite scores that remained steady 
over time. Age was centered at the lowest age within the data-
set (38 days), and the 2 infants with only one visit were not 
included in this analysis. Slope per day provided a summary of 
change over multiple visits. Statistical analyses were performed  
using IBM SPSS Statistics for Macintosh software (version 24.0).

Results
Reaching skill
Figure 2b shows the percentage of each reaching skill level 
demonstrated by infants at each chronological age, demon-
strating that infants progress at different rates and there is not 
a direct relationship between chronological age and reaching 
skill. In general, we followed infants longitudinally across the 
time period when they progressed from no reaching skill to high 
reaching skill. In total, 11 infants started the study before they  
were able to reach, and subsequently moved from no skill to  
demonstrate some level of reaching skill by the second (6 infants), 
third (3 infants), or fourth (2 infants) visit. The other 11 infants 
started the study demonstrating some level of reaching skill.  
Reaching skill at each visit is provided in the supplementary  
data file. 

Relationships between full-day arm movement values and 
developmental status
Figure 3 shows Bayley composite scores (motor, cognitive, lan-
guage) by age in days. Spearman correlations between arm 
movement variables (daily arm movement rate, duration, aver-
age acceleration, peak acceleration, normalized acceleration area) 
and Bayley composite scores (motor, cognitive or language) 
intercept (38 days of age) and slope (per day) are presented  
in Table 2. Correlations above 0.45 were identified as rela-
tionships of interest in this small sample and visualized with  
scatterplots. Right and left arms were evaluated separately, and  
differences between right and left arms reflect differences in the 
underlying variability of the respective data. Data from each  
visit are provided in the supplemental data file.

Bouts per awake time right arm intercept was negatively  
correlated with language intercept (Figure 4), indicating that 
infants who moved their right arm more had lower language 
scores. The bouts per awake time right arm intercept was  
positively correlated with the language slope (Figure 5) and cog-
nitive slope (Figure 6), indicating that infants who moved their 

Figure 2. a. Object used in reaching skill assessment, shown with a 
measuring tape showing inches. Toy was rigid plastic, with rotating 
clear plastic center globe with balls that made noise when toy was 
moved. b. Percentage of visits that were assessed at each skill level, 
by chronological age.
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Table 2. Correlations between arm movement variables and Bayley composite score 
intercepts and slopes.

Intercepts (at 38 days) Slope (by day)

Motor Language Cognitive Motor Language Cognitive

Intercepts (at 38 days)  

  Bouts per awake time (left) 0.00 -0.32 -0.39 -0.01 0.37 0.39

  Bouts per awake time (right) -0.03 -0.55* -0.42 0.02 0.60* 0.47*

  Mean duration (left) -0.35 -0.31 0.03 0.29 0.23 0.08

  Mean duration (right) -0.11 -0.07 0.03 0.08 -0.02 0.08

  Mean ave. acceleration (left) -0.75* -0.43 -0.55* 0.69* 0.33 0.48*

  Mean ave. acceleration (right) -0.45 -0.13 -0.34 0.39 0.02 0.24

  Mean peak acceleration (left) -0.64* -0.36 -0.36 0.54* 0.21 0.32

  Mean peak acceleration (right) -0.32 -0.15 -0.32 0.23 -0.02 0.22

  Area acceleration (left) -0.48* -0.30 -0.12 0.52* 0.33 0.26

  Area acceleration (right) -0.33 -0.30 -0.32 0.40 0.23 0.40

Slope (by day)  

  Bouts per awake time (left) -0.12 -0.06 0.19 0.04 0.00 -0.19

  Bouts per awake time (right) -0.04 0.23 0.35 -0.01 -0.28 -0.39

  Mean duration (left) 0.32 0.32 -0.06 -0.26 -0.28 -0.03

  Mean duration (right) 0.15 0.14 -0.06 -0.10 -0.08 -0.03

  Mean ave. acceleration (left) 0.49* 0.26 0.34 -0.5* -0.19 -0.33

  Mean ave. acceleration (right) 0.22 0.00 0.14 -0.22 0.09 -0.04

  Mean peak acceleration (left) 0.48* 0.36 0.22 -0.45 -0.24 -0.23

  Mean peak acceleration (right) 0.14 0.08 0.11 -0.07 0.04 0.01

  Area acceleration (left) 0.29 0.04 -0.04 -0.42 -0.07 -0.09

  Area acceleration (right) 0.15 0.07 0.13 -0.29 -0.02 -0.20

*Correlation above 0.45.

Figure 3. Bayley Scales of Infant Development scores by chronological age. Each colored line represents a different infant across 
repeated assessments. Single dots represent the two infants who were assessed only once each. The solid black line is the mean, the dashed 
black line is 1 standard deviation. (A) Motor composite. (B) Cognitive composite. (C) Language composite.
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Figure 4. Scatter plot of bouts per awake time intercepts (for 
right and left arms) and Bayley composite language intercepts 
of each infant.

Figure 5. Scatter plot of bouts per awake time intercepts (for 
right and left arms) and Bayley composite language slopes of 
each infant.

Figure 6. Scatter plot of bouts per awake time intercepts (for 
right and left arms) and Bayley composite cognitive slopes of 
each infant.

Figure 7. Scatter plot of mean average acceleration (MAA) 
intercepts (for right and left arms) and Bayley composite motor 
intercepts of each infant.

cognitive intercept (Figure 8), indicating that infants who had 
higher average acceleration values of their left arm had lower 
motor and cognitive scores. The mean average acceleration left 
arm intercept was positively correlated with the motor slope  
(Figure 9) and cognitive slope (Figure 10), indicating that 

right arm more had larger increases in language and cognitive  
scores across visits.

The mean average acceleration left arm intercept was  
negatively correlated with the motor intercept (Figure 7) and 

Figure 8. Scatter plot of mean average acceleration (MAA) 
intercepts (for right and left arms) and Bayley composite 
cognitive intercepts of each infant.

Figure 9. Scatter plot of mean average acceleration (MAA) 
intercepts (for right and left arms) and Bayley composite motor 
slopes of each infant.
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Figure 10. Scatter plot of mean average acceleration (MAA) 
intercepts (for right and left arms) and Bayley composite 
cognitive slopes of each infant.

Figure 12. Scatter plot of mean peak acceleration (MPA) 
intercepts (for right and left arms) and Bayley composite motor 
slopes of each infant.

Figure 13. Scatter plot of normalized area of acceleration 
intercepts (for right and left arms) and Bayley composite motor 
intercepts of each infant.

Figure 14. Scatter plot of normalized area of acceleration 
intercepts (for right and left arms) and Bayley composite motor 
slopes of each infant.

Figure 15. Scatter plot of mean average acceleration (MAA) 
slopes (for right and left arms) and Bayley composite motor 
intercepts of each infant.

Figure 11. Scatter plot of mean peak acceleration (MPA) 
intercepts (for right and left arms) and Bayley composite motor 
intercepts of each infant.

infants who had higher average acceleration values of their left 
arm had larger increases in motor and cognitive scores across  
visits.

The mean peak acceleration left arm intercept was negatively 
correlated with motor intercept (Figure 11) and positively  
correlated with motor slope (Figure 12), indicating that the 
infants who had lower peak acceleration values of their left 
arm had lower motor scores but larger increases across vis-
its. The normalized acceleration area left arm intercept showed 

a similar pattern: a negative correlation with the motor inter-
cept (Figure 13) and a positive correlation with the motor slope  
(Figure 14).

While the movement variable intercepts consider where an 
infant’s movement variables are in relation to the rest of the 
infants, the movement variable slopes consider how the infant’s 
movements change over time. Here, two correlations were  
significant: the motor intercept was positively correlated with 
mean average acceleration left arm slope (Figure 15) and 
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Figure 16. Scatter plot of mean peak acceleration (MPA) slopes 
(for right and left arms) and Bayley composite motor intercepts 
of each infant.

with mean peak acceleration left arm slope (Figure 16). This 
indicates that infants who demonstrated larger increases in  
left arm average and peak acceleration values over time had  
higher motor scores.

Discussion
Our main findings were: 1) infant arm movement characteris-
tics as measured by full-day wearable sensor data were related 
to Bayley motor, cognitive, and language scores, indicating 
a relationship between daily movement characteristics and 
developmental status; 2) infants who moved more had larger 
increases in language and cognitive scores across visits; and  
3) larger changes in movement characteristics across visits were 
related to higher motor scores.

Movement as an input to the developing system
A relationship between detailed daily movement characteristics 
measured by wearable sensors and developmental status supports 
the potential of using wearable sensors to define the longitu-
dinal trajectories of movement as an input to the developing 
nervous system. Wearable sensors provide a tool to measure 
the relationship between daily movement experience and the 
mastery of developmental milestones, giving us a window  
into experience-dependent plasticity of the developing brain 
and nervous system. Researchers have started to explore how 
the amount and type of practice in early infancy may support 
the scaffolding of development, for example early motor 
skills “unlocking” subsequent cognitive, motor and language 
skills, and vice versa13–17. The idea is certainly not new, but the  
ability to quantify amount and type of motor experience is.

Potential for early movement intervention
Our findings that infants who moved more had larger increases 
in language and cognitive scores across visits and that larger 
changes in movement characteristics across visits were related 
to higher motor scores support the role of early movement 
intervention to promote development. To be clear, we are not 
measuring cause and effect here, only associations. Previous 
work, though, has demonstrated that early motor training of  
reaching experience at 3 months affected the cognitive skills 
of object exploration and attention focusing 12 months later18. 
Another study compared three groups of infants at 2.9 months 
of age, two intervention groups (14-day reaching interven-
tion) and a control group (no intervention)19. One intervention 

used a contingency design where the toy target moved  
and sounded upon contact only, thus incorporating both cogni-
tive and motor aspects into the practice. The other intervention  
used a continuous design where the toy target moved and sounded 
continuously, independent of hand–toy contact, removing 
the cognitive contingent aspect. Results revealed that infants in 
the contingent group made the most progress in reaching skill 
over time compared to the two other groups19. These findings 
highlight the importance of cognitive and motor interaction in  
early development and illustrate the potential for cascading 
effects on subsequent development initiated by early motor 
skills. Our next step is to start testing cause and effect by 
exploring the dose–response relationships between arm move-
ment experience (amount and type of arm movement practice  
across days and weeks) and the development of reaching skill. 
It should also be noted, however, that higher cognitive scores 
may encourage greater exploration of the environment with the  
arms, resulting in larger changes in movement characteristics. 
This supports a potential role for intervening to promote cogni-
tive development, with a potential positive impact on motor skill  
development. Determining what type of intervention will benefit 
a child at a given point in developmental time is a fundamentally 
important question that researchers are just starting to explore.

Movement as an output of the developing nervous system
A relationship between detailed daily movement characteris-
tics measured by wearable sensors and developmental status  
supports the potential of using wearable sensors to define the 
developmental trajectories of movement as an output of the  
developing nervous system. Movement patterns change as infants 
learn and grow. Infant developmental rates are highly variable, 
which makes it more challenging to identify atypical develop-
ment early and accurately. Detailed records of infant behavior 
across long periods of time will provide insight into their capac-
ity for movement in the natural environment, as opposed to their  
movement performance in a short period of time in a specific 
context. Wearable sensors provide a tool to quantify detailed 
characteristics of infant movement across days, and may  
support the development of an objective, quantified marker of 
atypical development. For example, wearable sensors provide 
a tool to measure the variability and repeatability of infant 
behavior over days and weeks, allowing us to test the theory  
that optimal variability (not too much and not too little) is a  
hallmark of a healthy neuromotor system20–24.

Bayley Scale scores
In general, infants showed variability in their rates of develop-
ment over time. Individual infants deviated up and down from 
the composite score of 100 (see Figure 3), indicating that their 
rates of development sped up and slowed down, not remaining 
steady. If they remained steady, they would have been at or 
near a composite score of 100 at each measurement. Further-
more, we did not see regression to the mean. Visual inspec-
tion of Figure 3 does not show individual infant trajectories  
converging closer to a composite score of 100 over time. These 
findings fit with our knowledge that development is a complex, 
non-linear process25,26, and support the theory that optimal 
variability (not too much and not too little) is a defining  
characteristic of a healthy neuromotor system20–24.
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Notably, our overall group composite cognitive and language 
scores, but not motor composite scores, appear lower than the 
anticipated mean, potentially due to a high number of infants in 
dual language and/or households with lower parent educational 
levels (see Table 1). Bilingual infant language development is 
acknowledged to have differences from monolingual develop-
ment (for a review of this area, see 27). Early differences in  
infant development have not been explored, and whether 
older bilingual children have cognitive flexibility advan-
tages or are equivalent to monolingual children is currently 
debated28,29. Low socioeconomic status is also known to have 
a negative effect on infant developmental outcomes30. The  
children in our study were scoring within the normal ranges 
on the Bayley scale (mostly low average to average; see  
Figure 3). However there could be an effect present already, as it 
is also known that living in poverty has negative effects in older,  
school-age children (for a review of this area, see 31).

Limitations and future directions
This was a preliminary study in a small sample of infants. Our 
goal was to highlight potential relationships of interest to be 
pursued in future, larger, adequately powered studies. There 
are many potential factors that likely influence both movement 
characteristics and developmental rate. The amount of time in  
different positions (e.g., prone “tummy time”, potential restraint 
in car seats, being held and carried by caregivers), quality of 
caregiver–infant interaction, parenting style, cultural expecta-
tions, birth order, socioeconomic status, physical growth rate, 
nutritional status, amount and quality of sleep, personality/ 
motivation, and even genetics are all potential contributing fac-
tors to examine. Understanding the relative contribution of each, 
as well as their responsiveness to intervention, will be key to  
providing early intervention to reach optimal developmental 
potential. This was a preliminary, exploratory, small study of the  
potential importance of infant arm movement characteristics, as 
measured by full-day wearable sensor data. Findings where only 
the right arm or left arm movement characteristics were corre-
lated with developmental status variables likely reflect under-
lying variability in the data, and require further, adequately 
powered research to examine their importance. Our results  
support full-day arm movement activity as an area of interest for 
future study as a biomarker of neurodevelopmental status and as  
a target for intervention.

Conclusions
Infant development is a complex process. We are starting to 
determine how and when we can intervene to have a positive 
impact on the important relationships between motor, cognitive 
and language development. Our findings here, of a relationship 
between detailed daily arm movement characteristics and devel-
opmental status, support the potential of using wearable sensors  
to trace out and classify the developmental trajectories of  
the nervous system.
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https://doi.org/10.6084/m9.figshare.6073886.v132.

Data are available under the terms of the Creative Commons 
Zero “No rights reserved” data waiver (CC0 1.0 Public domain  
dedication).

Consent
Written informed consent for the publication of the participants’ 
data and the identifying image of the infant wearing sensors  
(Figure 1) was obtained from a parent or legal guardian of the  
participants.

Competing interests
No competing interests were disclosed.

Grant information
This work was supported by a grant from the Bill & Melinda 
Gates Foundation [OPP1119189] (PI: B.A.S.). Additionally, 
B.A.S. was supported in part by NIH K12-HD055929 (PI:  
K. Ottenbacher). C.J.L. was supported in part by funding from the 
National Institutes of Health from the National Center for Advanc-
ing Translational Science UL1TR001855 and UL1TR000130 
(PI: T. Buchanan). The content is solely the responsibility  
of the authors and does not necessarily represent the offi-
cial views of the National Institutes of Health. Study data 
were collected and managed using REDCap electronic data 
capture tools hosted at the Southern California Clinical and  
Translational Science Institute at the University of Southern 
California. REDCap (Research Electronic Data Capture) is a 
secure, web-based application designed to support data capture 
for research studies, providing 1) an intuitive interface for vali-
dated data entry; 2) audit trails for tracking data manipulation 
and export procedures; 3) automated export procedures  
for seamless data downloads to common statistical packages; and 
4) procedures for importing data from external sources. The Bill 
& Melinda Gates Foundation provided funds to cover the cost  
of open-access publishing.

The funders had no role in study design, data collection and  
analysis, decision to publish, or preparation of the manuscript.

Acknowledgements
Thank you to the infants and their families. Thank you to  
Eisner Health for assistance with recruitment. Thank you to Rahil  
Khasgiwale and Marina Baia do Vale for their help with data  
analysis.

1. 	 Bayley N: Bayley Scales of Infant Development: Third Edition. San Antonio, TX: 
Pearson; 2005. 

2. 	 Wallace PS, Whishaw IQ: Independent digit movements and precision grip 
patterns in 1–5-month-old human infants: hand-babbling, including vacuous 

References

Page 10 of 19

Gates Open Research 2018, 2:17 Last updated: 23 MAR 2022

https://doi.org/10.6084/m9.figshare.6073886.v1


then self-directed hand and digit movements, precedes targeted reaching. 
Neuropsychologia. 2003; 41(14): 1912–8.  
PubMed Abstract | Publisher Full Text 

3. 	 Thelen E, Corbetta D, Spencer JP: Development of reaching during the first 
year: role of movement speed. J Exp Psychol Hum Percept Perform. 1996; 22(5): 
1059–76.  
PubMed Abstract | Publisher Full Text 

4. 	 Thelen E, Corbetta D, Kamm K, et al.: The transition to reaching: mapping 
intention and intrinsic dynamics. Child Dev. 1993; 64(4): 1058–98.  
PubMed Abstract | Publisher Full Text 

5. 	 Bhat AN, Galloway JC: Toy-oriented changes during early arm movements: 
hand kinematics. Infant Behav Dev. 2006; 29(3): 358–72.  
PubMed Abstract | Publisher Full Text 

6. 	 Gonçalves RV, Figueiredo EM, Mourão CB, et al.: Development of infant reaching 
behaviors: kinematic changes in touching and hitting. Infant Behav Dev. 2013; 
36(4): 825–32.  
PubMed Abstract | Publisher Full Text 

7. 	 Nelson EL, Konidaris GD, Berthier NE: Hand preference status and reach 
kinematics in infants. Infant Behav Dev. Elsevier Inc; 2014; 37(4): 615–23. 
PubMed Abstract | Publisher Full Text 

8. 	 Corbetta D, Thelen E: The developmental origins of bimanual coordination: a 
dynamic perspective. J Exp Psychol Hum Percept Perform. 1996; 22(2): 502–22. 
PubMed Abstract | Publisher Full Text 

9. 	 Trujillo-Priego IA, Lane CJ, Vanderbilt DL, et al.: Development of a Wearable 
Sensor Algorithm to Detect the Quantity and Kinematic Characteristics 
of Infant Arm Movement Bouts Produced across a Full Day in the Natural 
Environment. Technologies (Basel). 2017; 5(3): pii: 39.  
PubMed Abstract | Publisher Full Text | Free Full Text 

10. 	 Piper MC, Darrah J: Motor Assessment of the Developing Infant. Philadelphia, 
PA: WB Saunders; 1994.  
Reference Source

11. 	 Xiao R, Shida-Tokeshi J, Vanderbilt DL, et al.: Electroencephalography power 
and coherence changes with age and motor skill development across the first 
half year of life. PLoS One. 2018; 13(1): e0190276.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12. 	 Lausberg H, Sloetjes H: Coding gestural behavior with the NEUROGES-ELAN 
system. Behav Res Methods. 2009; 41(3): 841–9.  
PubMed Abstract | Publisher Full Text 

13. 	 Thelen E, Smith L: A Dynamic Systems Approach to the Development of 
Cognition and Action. Cambridge, MA: The MIT Press; 1994.  
Reference Source

14. 	 Lobo MA, Galloway JC: The onset of reaching significantly impacts how infants 
explore both objects and their bodies. Infant Behav Dev. 2013; 36(1): 14–24. 
PubMed Abstract | Publisher Full Text 

15. 	 Libertus K, Landa RJ: Scaffolded reaching experiences encourage grasping 
activity in infants at high risk for autism. Front Psychol. 2014; 5: 1071.  
PubMed Abstract | Publisher Full Text | Free Full Text 

16. 	 Kermoian R, Campos JJ: Locomotor experience: a facilitator of spatial cognitive 
development. Child Dev. 1988; 59(4): 908–17.  
PubMed Abstract | Publisher Full Text 

17. 	 Walle EA, Campos JJ: Infant language development is related to the acquisition 

of walking. Dev Psychol. 2014; 50(2): 336–48.  
PubMed Abstract | Publisher Full Text 

18. 	 Libertus K, Joh AS, Needham AW: Motor training at 3 months affects object 
exploration 12 months later. Dev Sci. 2016; 19(6): 1058–1066.  
PubMed Abstract | Publisher Full Text | Free Full Text 

19. 	 Williams JL, Corbetta D: Assessing the Impact of Movement Consequences 
on the Development of Early Reaching in Infancy. Front Psychol. 2016; 7: 587. 
PubMed Abstract | Publisher Full Text | Free Full Text 

20. 	 Ulrich BD: Opportunities for Early Intervention Based on Theory, Basic 
Neuroscience, and Clinical Science. Phys Ther. 2010; 90(12): 1868–80.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21. 	 Fetters L: Perspective on variability in the development of human action. Phys 
Ther. 2010; 90(12): 1860–7.  
PubMed Abstract | Publisher Full Text 

22. 	 Vereijken B: The complexity of childhood development: variability in 
perspective. Phys Ther. 2010; 90(12): 1850–9.  
PubMed Abstract | Publisher Full Text 

23. 	 Harbourne RT, Stergiou N: Movement variability and the use of nonlinear tools: 
principles to guide physical therapist practice. Phys Ther. 2009; 89(3):  
267–82.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24. 	 Smith BA, Vanderbilt DL, Applequist B, et al.: Sample Entropy Identifies 
Differences in Spontaneous Leg Movement Behavior between Infants with 
Typical Development and Infants at Risk of Developmental Delay. Technologies 
(Basel). 2017; 5(3): pii: 55.  
PubMed Abstract | Publisher Full Text | Free Full Text 

25. 	 Thelen E: Motor development: A new synthesis. Am Psychol. 1995; 50(2):  
79–95.  
PubMed Abstract | Publisher Full Text 

26. 	 Adolph KE, Robinson SR: Sampling Development. J Cogn Dev. 2011; 12(4): 
411–23.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27. 	 Werker JF, Byers-Heinlein K: Bilingualism in infancy: first steps in perception 
and comprehension. Trends Cogn Sci. 2008; 12(4): 144–51.  
PubMed Abstract | Publisher Full Text 

28. 	 Poulin-Dubois D, Blaye A, Coutya J, et al.: The effects of bilingualism on 
toddlers’ executive functioning. J Exp Child Psychol. 2011; 108(3): 567–79. 
PubMed Abstract | Publisher Full Text | Free Full Text 

29. 	 Duñabeitia JA, Hernández JA, Antón E, et al.: The inhibitory advantage in 
bilingual children revisited: myth or reality? Exp Psychol. 2014; 61(3): 234–51. 
PubMed Abstract | Publisher Full Text 

30. 	 Roze E, Meijer L, Van Braeckel KN, et al.: Developmental trajectories from birth 
to school age in healthy term-born children. Pediatrics. 2010; 126(5): e1134–42. 
PubMed Abstract | Publisher Full Text 

31. 	 Brooks-Gunn J, Duncan GJ: The effects of poverty on children. Future Child. 
1997; 7(2): 55–71.  
PubMed Abstract | Publisher Full Text 

32. 	 Shida-Tokeshi J, Lane CJ, Trujillo-Priego IA, et al.: Infant Bayley Scores and Full 
Day Arm Movement Data. figshare. Dataset. 2018.  
Data Source

Page 11 of 19

Gates Open Research 2018, 2:17 Last updated: 23 MAR 2022

http://www.ncbi.nlm.nih.gov/pubmed/14572524
http://dx.doi.org/10.1016/S0028-3932(03)00128-3
http://www.ncbi.nlm.nih.gov/pubmed/8865616
http://dx.doi.org/10.1037/0096-1523.22.5.1059
http://www.ncbi.nlm.nih.gov/pubmed/8404257
http://dx.doi.org/10.1111/j.1467-8624.1993.tb04188.x
http://www.ncbi.nlm.nih.gov/pubmed/17138291
http://dx.doi.org/10.1016/j.infbeh.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24140840
http://dx.doi.org/10.1016/j.infbeh.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25222613
http://dx.doi.org/10.1016/j.infbeh.2014.08.013
http://www.ncbi.nlm.nih.gov/pubmed/8934856
http://dx.doi.org/10.1037/0096-1523.22.2.502
http://www.ncbi.nlm.nih.gov/pubmed/28824853
http://dx.doi.org/10.3390/technologies5030039
http://www.ncbi.nlm.nih.gov/pmc/articles/5558826
https://www.elsevier.com/books/motor-assessment-of-the-developing-infant/piper/978-0-7216-4307-6
http://www.ncbi.nlm.nih.gov/pubmed/29329316
http://dx.doi.org/10.1371/journal.pone.0190276
http://www.ncbi.nlm.nih.gov/pmc/articles/5766131
http://www.ncbi.nlm.nih.gov/pubmed/19587200
http://dx.doi.org/10.3758/BRM.41.3.841
http://psycnet.apa.org/record/1994-98256-000
http://www.ncbi.nlm.nih.gov/pubmed/23261785
http://dx.doi.org/10.1016/j.infbeh.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25295021
http://dx.doi.org/10.3389/fpsyg.2014.01071
http://www.ncbi.nlm.nih.gov/pmc/articles/4171992
http://www.ncbi.nlm.nih.gov/pubmed/3168629
http://dx.doi.org/10.2307/1130258
http://www.ncbi.nlm.nih.gov/pubmed/23750505
http://dx.doi.org/10.1037/a0033238
http://www.ncbi.nlm.nih.gov/pubmed/26689742
http://dx.doi.org/10.1111/desc.12370
http://www.ncbi.nlm.nih.gov/pmc/articles/4916043
http://www.ncbi.nlm.nih.gov/pubmed/27199822
http://dx.doi.org/10.3389/fpsyg.2016.00587
http://www.ncbi.nlm.nih.gov/pmc/articles/4846662
http://www.ncbi.nlm.nih.gov/pubmed/20966210
http://dx.doi.org/10.2522/ptj.20100040
http://www.ncbi.nlm.nih.gov/pmc/articles/2996512
http://www.ncbi.nlm.nih.gov/pubmed/20966211
http://dx.doi.org/10.2522/ptj.2010090
http://www.ncbi.nlm.nih.gov/pubmed/20966207
http://dx.doi.org/10.2522/ptj.20100019
http://www.ncbi.nlm.nih.gov/pubmed/19168711
http://dx.doi.org/10.2522/ptj.20080130
http://www.ncbi.nlm.nih.gov/pmc/articles/2652347
http://www.ncbi.nlm.nih.gov/pubmed/29114479
http://dx.doi.org/10.3390/technologies5030055
http://www.ncbi.nlm.nih.gov/pmc/articles/5671804
http://www.ncbi.nlm.nih.gov/pubmed/7879990
http://dx.doi.org/10.1037/0003-066X.50.2.79
http://www.ncbi.nlm.nih.gov/pubmed/22140355
http://dx.doi.org/10.1080/15248372.2011.608190
http://www.ncbi.nlm.nih.gov/pmc/articles/3226816
http://www.ncbi.nlm.nih.gov/pubmed/18343711
http://dx.doi.org/10.1016/j.tics.2008.01.008
http://www.ncbi.nlm.nih.gov/pubmed/21122877
http://dx.doi.org/10.1016/j.jecp.2010.10.009
http://www.ncbi.nlm.nih.gov/pmc/articles/4346342
http://www.ncbi.nlm.nih.gov/pubmed/24217139
http://dx.doi.org/10.1027/1618-3169/a000243
http://www.ncbi.nlm.nih.gov/pubmed/20921067
http://dx.doi.org/10.1542/peds.2010-0698
http://www.ncbi.nlm.nih.gov/pubmed/9299837
http://dx.doi.org/10.2307/1602387
http://dx.doi.org/10.6084/m9.figshare.6073886.v1


Open Peer Review
Current Peer Review Status:    

Version 1

Reviewer Report 25 April 2018

https://doi.org/10.21956/gatesopenres.13880.r26355

© 2018 Harbourne R. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Regina T. Harbourne  
FAPTA Department of Physical Therapy, Rangos School of Health Sciences, Duquesne University, 
Pittsburgh, PA, USA 

This is an interesting study, and foundational in terms of quantifying infant movement over time 
in typically developing children. This may serve as a basis for comparative evaluation of infants 
with delayed or atypical development in the future, and the wearable technology certainly has a 
great deal of potential. 
 
Methods: 
I am unclear on when the video assessment of reaching took place – could you please clarify that it 
took place in the home, and at the same time as the EEG testing, if that is true? Also, it would be 
helpful to know the reliability of the scoring for the reaching assessor (percent re-coded, percent 
agreement). 
Were the parents cautioned regarding activities during the day when the instrument was worn? I 
am curious about whether the parents treated the infants differently on days during 
instrumentation – more encouragement to move arms, less structured positioning (in infant seat 
or car seat). What instructions were provided? 
 
Results: 
I find it odd that a significant correlation would be found between only one arm (the left) for 
acceleration and motor Bayley. Does your video assessment of reaching provide any clues as to 
why this would be asymmetrical? We generally assume infants at this age will be symmetrical, so 
this stands out. 
 
Discussion: 
As an exploratory study, the relationships you found are interesting, and you make that point that 
correlation does not equal causation. However, your discussion does have a bias that movement 
drives cognition, rather than the opposite. I find that your statement here: “ infants who moved 
more had larger increases in language and cognitive scores across visits and that larger changes 
in movement characteristics across visits were related to higher motor scores support the role of 
early movement intervention to promote development” leads the reader to think in a particular 
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direction. Giving equal time to the alternative possibility, that higher cognitive scores may 
encourage greater exploration of the environment with the arms, did not seem to come up as a 
part of the discussion. Perhaps you could add a little with this in mind. 
 
It is also possible that at these ages, the Bayley is not the most sensitive instrument to gauge 
cognitive skill. Other measures, such as look time or switch time within a habituation paradigm, 
may be more sensitive to long term predictors of cognition.
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Thank you for the insightful comments. We have revised the manuscript to provide more 
detail and add some discussion, as you suggested. This is an early exploratory study, and 
we hope that through our continued work and the work of others we are able to start 
answering some of the interesting questions you posed!  
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General comments: This is an interesting study using wearable sensors to describe whole day 
infant arm movements. The main strength is indicating the potential of measuring daily 
movements as a marker for developmental status. As an exploratory study, it opens possibilities 
for research seeking to understand infant development. I only have a few suggestions to improve 
clarity and relevance of the study. 
  
Methods: 
  
Table 1: Please revise table layout.  As it is, readers are led to follow the lines with the same color 
but information should not necessarily be read across lines. 
  
Regarding reaching assessments: were visits planned to happen at a certain age (e.g., near or at 
infant birth date every month)? This is relevant to increase reproducibility of the study.  
  
Also, I wonder if authors have any information on compliance to the testing protocol, i.e., if infants 
actually wore the sensors during the planned hours. This would be helpful for other researchers 
planning full-day measurements of infant movements. 
  
Methods: Please provide more information on the object properties (e.g., rigidity, size in mm), as 
these have been describe to affect the quality of reaching. 
  
 
Discussion 
  
I missed a further exploration on the variability of reaching skill. It seems that only mentioning 
that development is not linear does not fully explain the increase in the frequency of “moderate 
ability” at the last assessment, since reaching is so well established by then. 
  
The results on the relation between arm variables and development are very interesting. I only 
recommend discussing in more detail possible reasons why the intercepts for bouts and 
acceleration indicate negative relations with language and motor/cognitive scores, respectively, as 
these results are counterintuitive. 
  
Concerning the Bayley scores, the authors mention a possible role of socioeconomic factors. Is 
there any information available on family income that could provide more support to these 
assumptions?
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Are all the source data underlying the results available to ensure full reproducibility?
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Are the conclusions drawn adequately supported by the results?
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I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Author Response 11 Jun 2018
Beth A. Smith, University of Southern California, Los Angeles, USA 

Thank you for your thoughtful review and questions. We have revised the manuscript to 
provide more detail, as we were able. In regard to the Table formatting, that is handled by 
the journal, not us. We do not have official data on wearable sensor 'compliance', however 
visual inspection of the data shows consistent movement activity punctuated by periods of 
napping from the time we placed the sensors on until the caregiver reported removing 
them or the batteries ran out (whichever came first). It is possible that sensors were 
removed from the child and we interpreted this as napping, however caregivers 
overwhelmingly anecdotally reported that the sensors were not a nuisance and the infant 
wore them for the day without any problems. We hope to be able to test 
moderator/mediator variables in regard to developmental trajectories in future studies.  
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This research article describes an observational study to characterize the relationship between 
quantitative measures of full-day arm movements and developmental status in infants. 
  
Wearable sensors are an attractive avenue for developmental research, as they facilitate new 
avenues for ubiquitous and longitudinal measurements in the natural environment. Long-term 
wearable sensing has the potential to provide new metrics of developmental progression in the 
home to supplement assessments performed in the traditional clinical setting. Longer-term data 
in a more natural environment may be less susceptible to confounding influences inherent to 
short clinical examinations, such as behavioural state, stress, and unfamiliar sensory stimuli at the 
time of the examination. 
  
The authors recently published an algorithm to detect the quantity and kinematic characteristics 
of infant arm movements produced across a full day in their natural environments. This is an 
important first step for validating any new sensor technology, and a positive push for other infant 
sensing technologies. Many commercially available infant sensors purport to measure health 
characteristics in babies, but few have been validated towards their stated purpose and outcomes. 
The present study takes this prior work forward, by comparing outcomes from their algorithm 
against the validated Bayley Scales of Infant Development assessment tool. 
  
A few general comments follow that the authors may want to consider in the context of this study, 
or to incorporate into future infant wearable sensor efforts. 
  
The wearable sensor characteristics and their method of attachment is well described; however, 
some questions remain about their specific use. An assumption is made that they maintained their 
installed orientation throughout the day and were not moved or otherwise influenced. As the 
sensors were removed by the caregiver at the end of the day, a comparison to their initial 
orientation was not possible. A discussion of possible ways in which the sensors may be influenced 
over the course of the measurement period, and how those might be monitored and accounted 
for would provide greater confidence in the wearable sensor data. 
  
There is also a question of whether or not the presence of the wearable sensors influenced the 
movements of the infants while being worn. A prior research effort showed that weighting the 
arms and legs of 3-month old infants resulted in no change in either the quality or temporal 
organisation of fidgety spontaneous movements over a short study period1. The sensors used in 
this study fall within the mass range of that prior result, but the measurement period is longer 
and the age range of infants studied is broader. Infants, especially at younger ages, may be 
susceptible to fatigue with the added weight of the study sensors and sleeves over long periods of 
wear time. It is difficult to determine what, if any, influence the presence of the sensors may have 
had on the movements recorded in this study. 
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The algorithm used in the analysis is briefly summarised in this paper, but the internal rationale 
for a full-day worth of data collection is not well illustrated. This reviewer wonders what the 
sensitivity of the algorithm outputs are to total amount or time of data collected. Any time a 
sensor is on the infant, it presents a burden to them and their caregiver, and all attempts to 
minimise the overall assessment load should be taken. The data collected and presented within 
this study could potentially be expanded in such a sensitivity analysis to determine the 
relationship between the amount of data recorded and clinical assessment outcomes, towards an 
optimal measurement protocol. 
  
Following from the previous point, the wearable sensor outcomes report only averaged means, 
and individual normalized movement measures. While this is a reasonable approach for 
comparison between infants and visits, this seems to neglect the wealth of data provided by hours 
of sensing in the infant’s home environments. This reviewer would like to see more time-series 
analyses reported for the data collected; for instance, how movement characteristics change 
throughout the day, or even some classification of how daily movement bout distributions change 
longitudinally as infants age. While this may exceed the scope of the present publication, such 
analyses may better justify the use of wearable sensors over a full day measurement period. 
  
The authors acknowledge that this is a preliminary study in a sample of convenience, and that 
many factors potentially influence movement characteristics and developmental rate. The 
influence of external factors on the data recorded by the wearable sensors however, is not fully 
addressed. Manipulation and movement by caregivers, restraint in car seats or cribs, and other 
outside movements will all contribute to the acceleration and angular velocity data recorded by 
the wearable sensors. This signal noise is input along with meaningful movement bouts to the 
algorithm and may have some level of influence on the calculated outputs. In particular, the bout 
identification sensitivity of 90%2 used a comparison to visual observation as the gold standard, 
over an interval of 20s of infant arm movement (n = 20 segments). This ground truth data is likely 
not fully representative of the hours of home environment data collection and potential sources 
(known and unknown) of outside noise. The authors acknowledge that the algorithm cannot 
differentiate between infant and caregiver-controlled movement, but do not measure or report on 
the ratio of intrinsic to extrinsic mandated movements. As babies mature, their interaction with 
their surroundings and caregiver evolve from spontaneous movements towards more goal-
directed movements. It follows that the amount and distribution of external manipulation, 
restraint, and orientation controlled by the caregiver will also change. In a longitudinal study such 
as this one, the analytical methods (and their validation) must be robust to the evolution in these 
outside sources of movement noise during unsupervised data collection to ensure that reported 
outcomes are representative of  infant development. 
  
The study presented in this paper is a step towards long-term monitoring of infant movement 
characteristics. The main findings of the relationship between Bayley scores and full-day sensor 
data are intriguing and increases in language and cognitive scores corresponding to greater 
movements are a promising avenue for potential research directions and support efforts towards 
earlier interventions. Future efforts building on this small sample preliminary study, coupled with 
clarifications to the use and interpretation of wearable sensors, may better explain aspects of the 
complex process of infant development and provide new insights into individual trajectories.    
  
Minor Comments: 
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In Figure 3, each subfigure has a different Y-axis range even though the individual Bayley 
Composites are assessed over the same range. Standardising the y-axis range would aid in 
interpreting the data.     
  
During the reaching skills assessment, electroencephalography (EEG) was performed on the infant 
(Methods) but EEG data is not incorporated into any of analysis or reported in the results of this 
study. Another publication is cited as having detailed EEG methods and results, so it is not clear 
why it is included in the methods for this study.   
 
In the analysis, the authors note that all reported sensor data was normalised to time that infant 
was awake. In the prior algorithm validation publication2, it is reported that sleep time was visually 
estimated as periods of less than 3 movement bouts in 5 minutes. No citation or experimental 
rationale for this threshold is given, despite being used as a normalisation metric for all wearable 
sensor data. A more complete justification for the classification of sleep and awake periods would 
increase confidence in the metrics reported from the wearable sensors. 
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Beth A. Smith, University of Southern California, Los Angeles, USA 

Thank you for the comprehensive and important comments. We agree with all of the points 
you raised. Some of them we are actively pursuing, others are areas we would like to pursue 
but do not currently have the resources to do so. We are open to collaboration with other 
researchers, and we could not agree more that these are important areas to pursue! One 
quick note: the orientation of the sensor likely does change throughout the day, at least 
slightly along the ventral/dorsal direction. While this would limit the ability to interpret the 
data from any one axis, our analysis uses the resultant of the 3 axes, so migration in 
orientation of the sensor in this way will not affect our results here. If the sensor moves 
more proximal or distal along the wrist, acceleration values may be affected. Per 
observation, the ventral/dorsal migration does occur but the proximal/distal generally does 
not when the sensors are attached using our method here. This has not, however, been 
systematically evaluated.  
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