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Introduction: The prevalence of depression and anxiety in children has risen

in recent years, while childhood obesity and sedentary behavior continue to

be a major public health concern. Existing evidence suggests early motor

development and locomotor experiences contribute to psychosocial and

physical development. By further understanding the far-reaching e�ects of

early motor development, early life interventions aimed at preventing physical

and mental health adversity may benefit from investigating early motor

developmental milestones (MDM) attainment. The current study is the first

to assess the longitudinal association between parent-reported gross MDM

timing with objective measures of mental health, cardiorespiratory fitness (CRF),

subcutaneous abdominal (SAAT), and visceral adipose tissue (VAT) outcomes

later in childhood.

Method: In total, 131 children aged 8–11 years (46% female) were recruited. The

parents of these children reported the age of attainment for five MDMs: holding

their head unsupported, rolling over, sitting unsupported, standing, and walking

independently. The study encompassed a comprehensive assessment, including

measures of mental health, CRF (VO2 max), body–mass index (BMI), SAAT, and

VAT. Data were analyzed using multiple stepwise linear regressions, adjusting for

demographic and parental factors in Step 1 and including each MDM individually

in Step 2.

Results: Our findings indicated earlier rolling over and walking were associated

with higher CRF during preadolescence. Earlier rolling over was also linked to

healthier BMI and lower levels of VAT, lower levels of trait anxiety, and fewer

symptoms of depression.

Conclusion: This study provides further evidence with potential clinical

implications that parent-reported MDM age of attainment is related to later

preadolescent physical and mental health. The age at which a child first

rolls over emerges as a particularly predictive factor for various preadolescent

health outcomes, highlighting the multi-finality of MDM timing in understanding

developmental trajectories.
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1 Introduction

Healthy development during the first few years of life is
essential for physical and psychosocial development in childhood
and is the cornerstone for lifelong learning (Campbell et al., 2014).
Physical development marks the progression from infancy through
childhood, following a predictable sequence of developmental
milestones wherein subsequent skills build upon earlier ones
(Misirliyan et al., 2023). These milestones do not operate in
isolation but are closely interconnected with social/emotional, gross
and fine motor, language, and cognitive domains; progress in one
area can influence and be influenced by others. Understanding
typical development helps clinicians detect delayed development.
However, limited normative data across early developmental stages
hinders a comprehensive understanding of how the timing of
motor developmental milestone (MDM) attainment influences
subsequent development across the interconnected developmental
domains (Sheldrick et al., 2019).

1.1 Motor developmental milestones

Early MDMs encompass fine and gross motor skills that
children acquire early in life. Fine motor skills involve the
coordination of small muscles, facilitating precise movements such
as grasping and object manipulation (Piek et al., 2008). Grossmotor
skills involve larger muscle groups and coordinate movements
essential for proprioception, core stability, and bodily control
(Ghassabian et al., 2016). Gross and fine motor skill acquisition
improve with age; however, the developmental progression of one
is not dependent on the other (Sorgente et al., 2021). The timing
of gross MDM attainment is linked to various physical and mental
health outcomes in the later stages of childhood and adulthood. For
example, research using parent-reported MDMs of their children
has shown that the age of walking with support is associated with
increased sport participation later in childhood and that earlier
standing and walking are linked to higher educational attainment
in adulthood (Ridgway et al., 2009a; Taanila et al., 2005).

Distinguishing that MDM attainment represents the endpoint
of the process of motor skill acquisition, whereas motor skill
acquisition itself is a nuanced and ongoing process that reflects the
developmental journey leading to the milestone, is important. This
process may offer more insight into the interconnected influences
that MDMs have on other developmental domains, highlighting
their dynamic role in overall development. While these terms are
distinct, they are interrelated as MDM attainment serves as an
endpoint of the outcomes of skill acquisition. For example, in the
process of learning to walk, a child is unsteady, wobbles, and might
only be able to take a few steps with assistance as the gross motor
skills are acquired to master walking independently and meet the
criteria of MDM attainment.

From the dynamic systems perspective, the maturation of
developmental domains (i.e., social, emotional, language, gross
motor, fine motor, and cognitive) collectively contributes to the
trajectory of other domains and is interrelated within a complex
system (Thelen, 1992, 1995). Growth in one domain does not
exist in isolation; instead, change in one developmental domain

can initiate a cascade of effects in other domains that influence
outcomes in other domains not directly related to the initial
attainment (Campos et al., 2000). For instance, improvements in
fine motor skills can enhance cognitive abilities by facilitating
tasks that require precision, such as writing, which, in turn, can
boost academic performance. These effects are multidirectional;
they can be direct and move in one direction or indirectly through
multiple pathways (Thelen and Smith, 1998; Masten and Cicchetti,
2010). Developmental cascades describe the cumulative impacts
of multiple interactions and exchanges within developing systems,
leading to widespread effects across different levels (Gottlieb, 2007).
Importantly, these cascades have lasting influences, fundamentally
altering the trajectory of development across levels of neural
activity, behavior, and interactions with the physical, social, and
cultural environment (Iverson, 2021).

Motor development delays are characterized by motor
performance significantly below what is expected for a child’s
chronological age despite having appropriate opportunities for
skill acquisition (Matheis and Estabillo, 2018). These delays can
manifest as poor balance, clumsiness, and persistent difficulty
acquiring basic motor skills such as catching, throwing, kicking,
running, and jumping (Blank, 2012). For infants, motor activities
are indicators of early development, and children at risk
of developmental delays often face challenges in attaining
early MDMs. Understanding how early MDMs are associated
with developmental trajectories across domains can help with
predicting outcomes, planning services, and monitoring for related
developmental and medical disorders (Noritz et al., 2013). Thus,
gross MDMs may serve as early-life behavioral markers of a
child’s physical development, influencing their overall health
and wellbeing.

1.2 Physical health

Typically, developing infants achieve several MDMs in the 1st
year of life, contributing to fundamental motor skills and physical
activity (PA) later in life (Clark and Metcalfe, 2002). Recognizing
gross MDMs’ influence on later physical health outcomes lays a
foundation for exploring specific aspects of physical development
on fitness and body composition. Several health organizations have
proposed that higher PA levels are associated with short- and
long-term benefits for physical, emotional, social, and cognitive
health across the lifespan (CDC, 2024a; Association, 2016; HHS,
2023; Liguori et al., 2020; Rock et al., 2020). Regular PA can help
children improve cardiorespiratory fitness (CRF), manage weight,
and reduce the risk of developing chronic health conditions, such
as cardiovascular disease, obesity, and Type 2 diabetes (OASH,
2018). Randomized controlled trials and cross-sectional studies
have demonstrated that higher levels of PA improve CRF and
prevent excess fat accumulation in children (Khan et al., 2014;
Jiménez-Pavón et al., 2011; Ortega et al., 2010). Previous studies
have suggested that poor motor competencies, the mastery of
physical skills and movement patterns that facilitate engagement in
daily activities, is associated with excess body fat during infancy and
in preschool-aged children (Castelli and Valley, 2007; Camargos
et al., 2016; Morano et al., 2011). Poor gross motor development
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during infancy also correlates with higher body fat and poor
motor skill competency during the first 2 years of development
(Andres et al., 2013). In children aged 6–10 years, those who are
overweight or obese exhibit significantly lower gross motor skill
proficiency and composite scores compared to their healthy-weight
peers (Marmeleira et al., 2017). These findings suggest that fine
motor skills, particularly those involving stationary object control,
are independent of gross motor performance and weight status.
Further investigation into the development of early gross motor
skills, especially those involving dynamic body movements such
as postural control and motor coordination, may enhance our
understanding of the factors influencing children’s overall fitness
levels. Similarly, early attainment of gross MDM is associated with
higher PA levels later in childhood and adolescence (Mattocks et al.,
2008; Ridgway et al., 2009b). Despite empirical evidence supporting
early gross MDMs’ role in later physical health outcomes during
childhood, the relationship between early MDMs and CRF has not
been reported.

1.3 Mental health

Motor skills are often overlooked in discussions about
psychosocial maladaptation during childhood. However, research
indicates that early locomotor experiences are closely linked to later
motor, language, and socio-emotional development (Campos et al.,
2000; Iverson, 2021). As an infant attains MDMs, access to physical
and social environments is enhanced, allowing the infant to interact
with the environment and gather information during exploration
while supported in different postures (Iverson, 2021; Elwood et al.,
2012). Developmental coordination disorder (DCD), which affects
∼6% of school-aged children, provides a notable example (Lino
and DPR, 2022). Children with DCD often experience lower
self-esteem and reduced participation in playgroups, which can
lead to increased anxiety and depression and lower fitness levels,
with issues potentially persisting into adulthood (Lingam et al.,
2012; Draghi et al., 2021; Schott et al., 2007; Harris et al., 2021).
Hua et al. (2022) showed that a 1-month delay in crawling
increases overall motor impairment risk by 14%, and a similar
delay in independent walking raises the risk by 21%. Variability
in the timing of MDM attainment in typical development may
obscure the critical importance of how the timing and transition
betweenmotor milestones influence other developmental domains.
Peik et al. examined the relationship between early gross motor
skills assessed by the Ages and Stages Questionnaire (ASQ) and
subsequent depression and anxiety as measured by the Child
Behavior Checklist (CBCL) in children aged 6–12 years (Piek et al.,
2010; Squires et al., 1995; Achenbach and Edelbrock, 1991). They
found that variability in grossmotor skill attainment from 4months
to 4 years predicted parent-reported depression and anxiety scores.
Furthermore, longitudinal data from the Copenhagen Perinatal
Cohort demonstrated that this relationship extends into young
adulthood, such that the age of gross MDM attainment was
associated with neuroticism (a personality trait characterized by
emotional instability, anxiety, self-doubt, and depression) 23 years
later (Widiger and Oltmanns, 2017; Flensborg-Madsen et al., 2013).
Delayed milestone achievement may serve not only as a marker

of motor development but also as a potential indicator of the
need for early intervention, offering a window into opportunities
to address motoric factors that may impact a child’s future
mental health. By promoting the attainment of early MDMs, such
interventions could further support psychological wellbeing and
development, potentially reducing or preventing the emergence of
mental health issues. Understanding how early MDMs influence
mental health factors such as depression and anxiety later in
childhood can provide valuable insights and structural support for
early interventions aimed at promoting psychological wellbeing.

1.4 Present study

The relationship between early gross MDM and later
physical and mental health outcomes remains under-explored
in preadolescent children. Increasing rates of childhood obesity,
sedentary behavior, and poor mental health continue to affect
developmental trajectories (Stierman et al., 2020; Wilhite et al.,
2022; Bitsko et al., 2022). Accordingly, this study aimed to assess
parent-reported age of attainment for early gross motor skills
(i.e., MDMs) and examine their relationship with CRF, body
composition, and mental health outcomes later in childhood as
individual MDMs may reflect diverse and discrete differences in
later physical and mental health outcomes. Moreover, given that
the data set was collected as part of a broader project, leveraging
these existing data allowed us to address novel research questions
about early MDM attainment. It was predicted that earlier parent-
reported attainment of MDMs (e.g., holding the head up, rolling
over, sitting, standing, and walking) would be associated with
higher CRF, healthier body composition (i.e., decreased fat mass),
and fewer symptoms of depression and anxiety.

2 Method

2.1 Participants

The present study was a secondary data analysis of
preadolescent children aged 8–11 years engaged in a
multiyear National Institutes of Health trial (ClinicalTrials.gov:
NCT03592238) from 2019 through 2023 involving CRF testing,
body composition assessment, and comprehensive demographic
and health history questionnaires at the Center for Cognitive and
Brain Health, Northeastern University.

In total, 131 healthy, neurotypical children whose parents
retrospectively reported at least one of the five gross MDMs (e.g.,
holding the head up, rolling over, sitting, standing, and walking) at
the time of data collection were included in the present study (Raine
et al., 2021). One parent per child completed parental information,
of which 85% were mothers and 15% were fathers.

All participants and their legal guardians signed informed
assent and consent forms, respectively, in accordance with the
Institutional Review Board of Northeastern University under
protocol number 17-07-11, before they participated in the study.
Study data were collected and managed using REDCap electronic
data capture tools (Harris et al., 2009, 2019).
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All children participated in a 3-hour assessment session
conducted at the Center for Cognitive and Brain Health at
Northeastern University. The assessments were administered
by trained research staff, including graduate students and
professionals with expertise in child development and physiological
measurements. Children completed the Child Depression
Inventory 2nd Edition Short Form (CDI-2) and the State and
Trait Anxiety Inventory for Children (STAIC) questionnaires.
Meanwhile, parents completed a demographic questionnaire and
provided information on MDM age of attainment for their child.
At the completion of the session, children’s body composition and
CRF were measured using standardized protocols.

2.2 Measures

2.2.1 Demographics
During the child’s session, following the consent and assent

process, the child’s parent was provided with a comprehensive
demographic survey through REDCap electronic data capture
tools, including developmental, pediatric, and parental health
history. Demographic information included age (Agechild), sex,
intelligence quotient (IQ, Kaufman Brief Intelligence Test 2nd
Edition), body mass index (BMIchild), gestation age in weeks, birth
weight in grams, maternal age (Agematernal) in years, maternal
BMI at the time of conception (BMIconception; Kaufman and
Kaufman, 2004). Socioeconomic status (SES) was estimated using
the mother’s highest level of education and was assessed on a
continuous scale: (1) did not complete high school, (2) high school
graduate, (3) some college, (4) bachelor’s degree, and (5) advanced
degree (Jackson et al., 2017). Parents reported their feelings of
anxiety and depression in the past 3 months on a Likert scale: 0
= never, 1= sometimes, 2= often, and 3= almost always.

2.2.2 Motor developmental milestones
The Bayley Scales of Infant Development (BSID) age (mo.)

range for gross MDM was used as the criterion to exclude
participants’ data for a specific MDM if the age of attainment
was outside the expected range reported in the BSID (Bayley,
2006, 1936). The child’s parent was asked to recall to the best
of their ability the age in months at which the child first held
their head erect and steady, rolled over from back to side, sat
alone steadily, stood alone, and walked independently. Because
the sample consisted of a healthy, typically developing sample,
we adopted a conservative approach to minimize parental recall
bias by removing extreme values. This was particularly important
given the reliance on parental reports of MDM attainment, which
required recall of events that occurred 8–10 years prior to the
laboratory visit.

2.2.3 Body composition assessment
The children had their weight and height measurements

taken by trained staff. Body composition was assessed by taking
standing height and weight measurements while child participants
wore lightweight clothing and no shoes using a Health-O-
Meter Professional 500KL digital patient weighing scale with a

stadiometer (Health-O-Meter Professional, McCook, IL, USA).
BMIchild and maternal BMIconception were calculated using an
individual’s weight in kilograms divided by their height in
meters squared (kg/m2). BMI percentiles were further computed
using Centers for Disease Control and Prevention growth charts
(Kuczmarski et al., 2002). Whole-body and regional soft tissue
of visceral adipose tissue (VAT; mass [grams]) and subcutaneous
abdominal adipose tissue (SAAT; mass [grams]) were measured
by dual-energy X-ray absorptiometry (DXA; GE Lunar iDXA,
Madison, WI, USA) as an accurate and valid measure of body
composition in children (Bennett, 2023; Margulies et al., 2005;
Ward and Crabtree, 2019).

2.2.4 Cardiorespiratory fitness assessment
Children performed a maximal oxygen consumption test on a

motorized treadmill (treadmill: Trackmaster TMX428; metabolic
cart: COSMED Quark CPET OMNIA, Concord, CA, USA).
The assessment involved monitoring oxygen uptake (VO2) and
respiratory exchange ratio (RER) at 20-second intervals. Testing
followed a modified Balke protocol using a motor-driven treadmill
set at a constant speed, with incremental increases in grade every
2min by 2.5% until the participant reached volitional exhaustion
(Liguori et al., 2020; Ferguson, 2014). Heart rate (HR) was
continuously monitored using a Garmin HR monitor (Garmin
HRM-Dual, Garmin Ltd., USA), and ratings of perceived exertion
(RPE) were recorded every 2min using the children’s OMNI scale
(Utter et al., 2002). Relative peak oxygen consumption (VO2 max)
was calculated inml/kg/min based onmaximal effort criteria, which
included (a) a plateau in oxygen uptake with an increase of <2
mL/kg/min despite increasing workload, (b) a peak HR of ≥185
bpm and a stable HR thereafter, (c) RER ≥ 1.00; and/or (Piek et al.,
2008) RPE ratings of ≥8 on the children’s OMNI scale (Utter et al.,
2002).

2.2.5 CDI-2
The children completed the CDI-2. The CDI was developed

as a brief tool for assessing depression symptoms in children. It
originated from the Beck Depression Inventory, a widely used
measure for depression in adults, and was adapted in 1992 for use
with children aged 7–17 years, with a revision in 2011 to reflect
improvements to internal and external validity (Beck et al., 1961;
Kovacs, 1992, 2011; APA PsycTests, 2019). The CDI-2 short form
consists of 12 items, prompting children to choose a phrase that
best describes how they feel, such as “I do most things OK,” “I
do many things wrong,” or “I do everything wrong.” Each item is
scored on a 0–2 Likert-type scale, yielding a total score ranging
from 0 to 24, with higher scores indicating more severe symptoms
of depression. This version of the CDI-2 has shown good internal
consistency, as indicated by Cronbach’s alpha values of 0.80 or
higher in school-aged children (Allgaier et al., 2012; Caqueo-Urízar
et al., 2014).

2.2.6 STAIC
The children answered the STAIC. The STAIC was adapted

from its adult counterpart, the State-Trait Anxiety Inventory, to
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differentiate between two forms of anxiety: state anxiety (STAIC-
S) and trait anxiety (STAIC-T; APA PsycTests, 1973; Spielberger,
1983). State anxiety refers to a temporary and situation-specific
type of anxiety characterized by feelings of apprehension, tension,
nervousness, and worry linked to a particular circumstance or event
(Jouvent et al., 1999). In contrast, trait anxiety represents a more
enduring and stable personality trait that reflects an individual’s
predisposition to experience anxiety across various situations and
over time (Endler and Kocovski, 2001). Individuals who score
higher on the trait anxiety subscale are prone to experiencing
anxiety more frequently, even in non-threatening situations, and
may exhibit heightened sensitivity to stressors (Elwood et al.,
2012). Trait anxiety is believed to have a genetic basis and can
be influenced by environmental factors and early life experiences
(Garcia et al., 2013). Given our focus on exploring the relationship
between early gross MDM and later mental health outcomes,
we specifically examined the trait anxiety subscale of the STAIC.
The STAIC-T comprises 20 statements, such as “I worry about
making mistakes,” that a participant responds to based on their
general feelings, such as “hardly ever,” “sometimes,” or “often.”
Each item is scored from 1 to 3 for a total score ranging
from 20 to 60, with higher scores indicating greater levels of
trait anxiety.

2.3 Data analysis

All statistical analyses were performed using IBM SPSS
Statistics (version 29.0). The statistical requirements for
multivariate procedures were checked, and the hypotheses
were tested at a significance level of 0.05. Data were analyzed
using multiple stepwise linear regressions to assess the association
of early-life gross MDMs with the dependent variables: physical
health outcomes (CRF and body composition) and mental health
outcomes (symptoms of depression and trait anxiety) later
in childhood.

Previous research has highlighted the significance of several
biological and social factors such as age, sex, mother’s education,
maternal age and BMI at conception, and parental mental health
in influencing motor developmental outcomes (Flensborg-Madsen
and Mortensen, 2017; Lung et al., 2009; Mota et al., 2002;
Freitas et al., 2007; D’Ascenzi et al., 2021; Mannino et al.,
2022; Savage et al., 2013; Fergusson and Woodward, 1999;
Van Santvoort et al., 2015; Pierce et al., 2020). Accordingly,
these biological and social factors were included as independent
variables to control for their potential effects on later health
outcomes. In Step 1, demographic factors (e.g., Agechild, sex
of the child, and mother’s education), maternal factors (e.g.,
Agematernal and maternal BMIconception), and parental factors
(e.g., parent self-reported feelings of anxiety and parent self-
reported feelings of depression) were included as covariates
and entered in the regression analysis. In Step 2, the five
MDMs were individually introduced as independent variables
to assess their specific associations with later developmental
health outcomes. See the main variables’ correlation coefficient
in Table 1.

2.3.1 Physical health
To assess the association between MDM parent-reported age

(months) of attainment andCRF (e.g., relative VO2 max score) later
in childhood, we performed five stepwise linear regressions for each
MDM (e.g., holding the head up, rolling over, sitting, standing, and
walking) in Step 2.

To assess the association between MDM parent-reported age
(months) of attainment and body composition (e.g., BMI, SAAT,
and VAT) later in childhood, we performed five stepwise linear
regressions for each MDM (e.g., holding the head up, rolling over,
sitting, standing, and walking) in Step 2.

2.3.2 Mental health
To assess the association between MDM parent-reported age

(months) of attainment and symptoms of depression (e.g., CDI-2)
later in childhood, we performed five stepwise linear regression for
eachMDM (e.g., holding the head up, rolling over, sitting, standing,
and walking) in Step 2.

To assess the association between MDM To assess the
association between MDM parent-reported age (months) of
attainment and trait level anxiety (e.g., STAIC-T) later in childhood,
we performed five stepwise linear regression for each MDM (e.g.,
holding the head up, rolling over, sitting, standing, and walking) in
Step 2.

3 Results

3.1 Demographics

The study included children with a sex distribution of 45.8%
female and an average age of 9.9 years (±0.66). The cohort was
predominantly of Caucasian descent (57.3%) and had a healthy
BMI range (68.7%). Notably, all children were born full-term
and within a normal range for birth weight (≥2,500 g; CDC,
2024b). Regarding maternal demographics, approximately half of
the children’s mothers held an advanced degree (50.4%), were
within a healthy BMI range at conception with 86.3%, with a
BMI between 18.5 and 24.9 (Maring et al., 2015), and were, on
average, 31.9 (± 4.81) years old at the time of their child’s birth.
In terms of parental (85% mothers, 15% fathers) mental health, a
significant proportion of parents self-reported experiencing anxiety
sometimes (55%) and depressive symptoms sometimes (40.5%)
in the 3 months preceding data collection. See Table 2 for a
comprehensive breakdown of participant demographics.

3.2 Motor developmental milestones

For the parent-reported age of MDM attainment, the children
first held their head erect and steady at 2.3 (±1) months, rolled
over back to side at 3.7 (±1.1) months, sat alone steadily at 6.2
(±1.1) months, stood alone at 10.5 (±1.3) months, and walked
independently at 11.9 (±1.6) months. See Table 3 for MDM
inclusion criteria and characteristics.
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TABLE 1 Main variables’ correlation coe�cients.

Variable 1 2 3 4 5 6 7 8 9 10

1. Agechild (yrs.) –

2. Sexachild 0.04 –

3. Mother’s educationb 0.04 −0.01 –

4. Agematernal (yrs.) 0.1 0.08 0.31∗∗∗ –

5. BMIconception 0.06 0.07 −0.31∗∗∗ −0.1 –

6. Age head up (mo.) −0.12 0.09 −0.001 0.03 0.05 –

7. Age rollover (mo.) −0.24∗ −0.03 −0.05 −0.07 0.13 0.43∗∗∗ –

8. Age sit (mo.) −0.05 0.18 0.04 0.07 0.19 0.27∗ 0.53∗∗∗ –

9. Age stand (mo.) −0.04 −0.01 0.11 0.12 0.13 0.162 0.31∗∗ 0.36∗∗∗ –

10. Age walk (mo.) −0.12 −0.11 0.05 0.03 0.08 0.06 0.27∗∗ 0.26∗∗ 0.57∗∗∗ –

BMI, body mass index; yrs, years; mo., months.
aSexchild coded as 0= female, 1=male.
bMother’s education coded as 1= didn’t complete high school, 2= high school graduate, 3= some college, 4= bachelor’s degree, 5= advanced degree.
∗p < 0.05.
∗∗p < 0.01.
∗∗∗p < 0.001.

3.3 Cardiorespiratory fitness

For VO2 max scores and the age rolling over was achieved,
the Step 1 regression analysis indicated a significant overall effect,
adjusted R2 = 0.08, F(1, 100) = 9.45, p = 0.001. There was a
significant effect for the mother’s education, pr (partial correlation)
= 0.28, t(101) = 3.07, p = 0.003, β = 0.293, such that a higher
mother’s education was associated with higher VO2 max. With the
addition of age of rolling over, Step 2 was also significant, 1R2 =

0.06, F(2,100) = 8.15, p < 0.001, such that an earlier age of rolling
over was associated with greater VO2 max, pr = −0.3, t(100) =
−2.52, p= 0.013, β = – 0.23.

In addition, VO2 max scores and the age of attainment for
walking indicated a significant overall effect in Step 1 of the
regression analysis, adjusted R2 = 0.15, F(2, 122) = 8.18, p < 0.001.
There were significant effects for both mother’s education, pr= 0.3,
t(122) = 3.47, p < 0.001, β = 0.3, and sex, pr = 0.19, t(122) = 2.13, p
= 0.04, β = 0.18), such that a higher level of mother’s education and
male sex were associated with higher VO2 max. With the addition
of age of walking, Step 2 was also significant, 1R2 = 0.04, F(3, 121)
= 7.3, p < 0.001, such that earlier age of walking was associated
with greater VO2 max, pr = −0.2, t(121) = −2.24, p = 0.027, β =

−0.19. Parent-reported age for when their child held their head up,
sat, and stood was not significantly associated (ps≥ 0.05) with CRF
as a physical health outcome (see Table 4).

3.4 Body composition

For BMI and age rolling over was achieved, the Step 1 regression
analysis indicated a significant overall effect, adjusted R2 = 0.19,
F(2, 101) = 8.87, p = 0.045. There were significant effects for both
Agechild, pr = 0.32, t(101) = 2.59, p < 0.001, β = 0.32, and mother’s
education, pr = −0.28, t(101) = −3.13, p = 0.002, β = −0.28, such

that younger age and higher maternal education are associated with
a lower BMI.With the addition of age of rolling over, Step 2 was also
significant, 1R2 = 0.03, F(3, 100) = 8.52, p < 0.001, such that earlier
age of rolling over was associated with lower BMI, pr= 0.2, t(100) =
2.03, p = 0.045, β = 0.19. For SAAT levels and the age rolling over
was achieved, the Step 1 regression analysis indicated a significant
overall effect, adjusted R2 = 0.16, F(2, 92) = 8.58, p < 0.001. There
were significant effects for both maternal BMIconception, pr = 0.31,
t(92) = 3.14, p = 0.002, β = 0.3, and Agechild, pr = 0.25, t(92) =
2.5, p = 0.01, β = 0.24, such that mothers with a higher BMI at
the time of conception and older age of the child were associated
with greater levels of SAAT. With the addition of age of rolling
over, Step 2 was also significant, 1R2 = 0.06, F(3, 91) = 8.52, p
< 0.001, such that earlier age of rolling over was associated with
lower levels of SAAT, pr = 0.27, t(91) = 2.69, p = 0.008, β = 0.26.
The stepwise regression analysis with VAT as the outcome was not
significantly associated with any of the MDMs. Parent-reported age
for when their child held their head up, sat, stood, and walked was
not significantly associated (ps ≥ 0.05) with preadolescent levels of
SAAT as a physical health outcome (see Table 4).

3.5 Symptoms of depression

For CDI-2 scores and the age rolling over was achieved, the Step
1 regression analysis did not indicate child, maternal, or parental
factors were significant. With the addition of age of rolling over,
Step 2 regression analysis was significant, 1R2 = 0.06, F(1, 104) =
10.36, p = 0.002, indicating earlier rolling over was associated with
fewer symptoms of depression during preadolescence, pr = 0.3,
t(104) = 3.22, p= 0.002, β = 0.3. Parent-reported age for when their
child held their head up, sat, stood, and walked was not significantly
associated (ps ≥ 0.05) with preadolescent depression as a mental
health outcome (see Table 4).
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TABLE 2 Demographic profile of participants.

Characteristics n % Mean SD

Sex of the child

Female 60 45.8 – –

Male 71 54.2 – –

Agechild (years) 131 – 9.9 0.66

Racechild

American Indian or Alaskan
Native

1 0.8 – –

Asian 14 10.7 – –

Black or African American 6 4.6 – –

White or Caucasian 75 57.3 – –

Other or mixed race 35 26.7 – –

Mother’s education

Didn’t complete high school 1 0.8 – –

High school graduate 5 3.8 – –

Some college 24 18.3 – –

Bachelor’s degree 35 26.7 – –

Advanced degree 66 50.4 – –

BMIchild percentile 131 - 58.61 29.92

BMIchild category

Underweight 5 3.8 – –

Normal weight 90 68.7 – –

Overweight 18 13.7 – –

Obese 15 11.5 – –

Gestational age (weeks) 131 – 39.32 1.42

Birthweight (grams) 131 – 3,475.4 508.24

Agematernal (years) 131 – 31.86 4.81

BMIconception 131 – 24.78 5.76

BMIconception category

Underweight 13 9.9 – –

Normal weight 113 86.3 – –

Overweight 2 1.5 – –

Obese 3 2.3 – –

Parent self-reported feelings of anxiety within the last 3 months

Never 39 29.8 – –

Sometimes 72 55 – –

Often 16 12.2 – –

Almost always 4 3.1 – –

Parent self-reported feelings of depression within the last

3 months

Never 68 51.9 – –

Sometimes 53 40.5 – –

Often 9 6.9 – –

Almost always 1 0.8 – –

SD, standard deviation; BMI, body mass index.

TABLE 3 Motor developmental milestones (months) sample descriptive

data meeting the Bayley scales of infant development age of attainment.

MDM N Average
age (mo.)

Average
range
(mo.)

Mean
(SD)

Hold head
erect and
steady

91 1.6 0.7–4 2.3 (1)

Rollover back
to side

106 4.4 2–7 3.7 (1.1)

Sit alone
steadily

96 6.6 5–9 6.2 (1.1)

Stand alone 93 11 9–16 10.5 (1.3)

Walk
independently

129 11.7 9–17 11.9 (1.6)

MDM, motor developmental milestone; SD, standard deviation.

3.6 Trait-level anxiety

For STAIC-T and age rolling over was achieved, the Step
1 regression analysis on STAIC-T scores did not indicate child,
maternal, or parental factors were significant. With the addition of
age of rolling over, Step 2 regression analysis was significant, 1R2

= 0.08, F(1, 92) = 6.73, p= 0.011, indicating earlier rolling over was
associated with lower levels of trait anxiety during preadolescence,
pr = 0.26, t(92) = 2.59, p= 0.011, β = 0.26. Parent-reported age for
when their child held their head up, sat, stood, and walked was not
significantly associated (ps ≥ 0.05) with preadolescent trait anxiety
levels as a mental health outcome (see Table 4).

4 Discussion

This study investigated the association between the timing
of parent-reported MDM attainment and physical and mental
health outcomes in later childhood. Our findings demonstrated that
the timing of specific gross MDM attainment (rolling over and
walking) is significantly associated with both physical and mental
health outcomes 7–10 years later. Specifically, earlier parent-
reported rolling over and walking were associated with healthier
CRF, as measured via higher relative VO2 max scores. Additionally,
earlier rolling over was associated with healthier body composition,
as reflected in DXA-derived lower SAAT levels. This relationship
with rolling over extended to self-reported lower levels of trait
anxiety and fewer symptoms of depression during preadolescence.

4.1 Physical health

Physical fitness is an important indicator of health and is
associated with PA and CRF (Lamb et al., 1988; Warburton
et al., 2006; Ribeiro et al., 2003). Gross motor development
and mastery of fundamental movement skills (FMS) provide the
foundation for an active lifestyle (Cairney et al., 2019; Lubans
et al., 2010). Earlier mastery of MDM has been associated with
greater FMS competence, increased PA engagement, and sport
participation later in childhood and into adulthood (Ridgway et al.,
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TABLE 4 Stepwise linear regression final model for significant MDM age

(months) of attainment predicting each health outcome.

Variable B SE B β t CI 95%

Rolling over age (mo.) of attainment predicting VO2 Max

(n = 103)

Step 1

Mother’s
educationa

2.03 0.67 0.28 3.03∗∗ [0.7, 3.36]

Step 2

Rolling over (mo.) −1.38 0.55 −0.23 −2.52∗ [−2.47,−0.3]

Walking age (mo.) of attainment predicting VO2 Max (n = 125)

Step 1

Mother’s
educationa

2.19 0.6 0.3 3.63∗∗∗ [1, 3.39]

Sexb 2.15 1.13 0.16 1.91∗ [–.08, 4.39]

Step 2

Walking (mo.) −0.77 0.34 −0.19 −2.24∗ [−1.45,−0.09]

Rolling over age (mo.) of attainment predicting BMI (n = 104)

Step 1

Agechild (yrs.) 1.95 0.49 0.37 4.02∗∗∗ [0.99, 2.91]

Mother’s
educationa

−1.06 0.34 −0.28 −3.1∗∗ [−1.73,−0.38]

Step 2

Rolling over (mo.) 0.58 0.29 1.86 2.03∗ [0.01, 1.15]

Rolling over age (mo.) of attainment predicting SAAT level

(n = 95)

Step 1

Maternal
BMIconception

24.06 8.54 0.26 2.82∗∗ [7.09, 41.03]

Agechild (yrs.) 236.66 74.77 0.3 3.17∗∗ [88.14, 385.18]

Step 2

Rolling over (mo.) 119.92 44.52 0.26 2.69∗∗ [32.48, 208.34]

Rolling over age (mo.) of attainment predicting CDI-2 score

(n = 106)

Step 2

Rolling over (mo.) 0.75 0.23 0.3 3.22∗∗ [0.29, 1.2]

Rolling over age (mo.) of attainment predicting STAIC-T anxiety

score (n = 94)

Step 2

Rolling over (mo.) 1.41 0.54 0.26 2.59∗ [0.33, 2.49]

MDM,motor development milestone; B, unstandardized beta coefficient; SE B, standard error
of the unstandardized beta coefficient; β, standardized beta coefficient; VO2 Max, maximum
rate of oxygen consumption; BMI, body mass index; SAAT, subcutaneous abdominal adipose
tissue; CDI-2, Child Depression Inventory 2nd Edition–Short Form; STAIC-T, State-Trait
Anxiety Inventory for Children Trait Scale.
aMother’s education coded as 1= didn’t complete high school, 2= high school graduate, 3=
some college, 4= bachelor’s degree, 5= advanced degree.
bSex coded as 0= female, 1=male.
∗p < 0.05, two-tailed.
∗∗p < 0.01, two-tailed.
∗∗∗p < 0.001, two-tailed.

2009b; Cattuzzo et al., 2016; Cliff et al., 2009; Aaltonen et al.,
2015). The relationship between MDMs and aspects of physical
fitness illustrates the importance of evaluating MDM timing when
investigating the nature of developmental trajectories. To our
knowledge, the association between early gross MDM attainment
and later CRF via VO2 max has not been previously reported. The
American Heart Association has listed CRF as a critical measure,
as children in the lowest quartile for CRF have ∼5 times greater
risk of cardiovascular disease (Raghuveer et al., 2020; Dencker
et al., 2012). Our study indicated that earlier parent-reported rolling
over and walking are significantly associated with higher relative
VO2 max scores, indicating healthier CRF later in development.
These associations remained even after controlling for other critical
features, including the age and sex of the child, the mother’s
education, maternal age, and BMI at the time of conception.
This relationship is important as maximal oxygen consumption
(VO2 max) is the gold standard for indicating CRF and is a
strong predictor of all-cause mortality and future disease, such as
cardiovascular disease, Alzheimer’s disease, and other diseases after
adjusting for risk factors including hypertension, smoking, and
obesity (Armstrong, 2019; Hawkins et al., 2007; Shephard et al.,
1968; Ross et al., 2016).

Consistent with our findings, Ridgway and colleagues
demonstrated that the age of walking with support predicted
sport participation at 14 years (Ridgway et al., 2009b). Although
the current study did not examine PA, investigating MDM’s
relationship to a child’s history of PA engagement and sport
participation may further elucidate the mechanisms involved in
promoting CRF. Ridgway and colleagues also found that earlier age
of standing unaided and walking independently predicted healthier
aerobic fitness in adults aged 31 years, estimated by post-exercise
heart rate following a 4-minute submaximal step test (Ridgway
et al., 2009a). Based on their findings, infant growth during the
1st year may be important to consider in future studies as this
may influence MDM attainment. Furthermore, MDM timing may
depend on external factors such as early life environment, social
and cultural variations related to physical health factors (Adolph
and Hoch, 2019). Of the five MDMs examined, rolling over and
walking involve crossing the midline and bilateral coordinated
movements involving the whole body, whereas holding the head
up, sitting, and standing are stationary positions marking postural
control. The ability to roll over and walk facilitates more locomotor
behaviors and exploration. As infants progress into childhood,
locomotion enables more opportunities to explore, play, and
engage in PA, possibly contributing to cardiovascular development
and later CRF (Barnett et al., 2016).

A synergistic association exists between an individual’s motor
skill level, PA engagement, CRF level, and body composition,
all of which influence developmental trajectories (Kolunsarka
et al., 2021). Research has indicated that poor gross motor skills
development is associated with overweight and obesity in children
aged 3–6 years, particularly for dynamic gross motor movements
compared to fine motor skills like stationary object control
(Morano et al., 2011; Marmeleira et al., 2017). This relationship
extends into later childhood, where longitudinal research in
children aged 6–10 has shown that motor coordination, muscular
strength, and aerobic endurance decrease as SAAT levels increase
(Lopes et al., 2012). During late childhood and adolescence, changes
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in BMI are associated with SAAT levels, whereas changes in BMI
are associated with VAT levels in adulthood (Kindblom et al., 2009).
After controlling for demographic and maternal health factors,
our study indicated that earlier attainment of rolling over was
associated with lower levels of SAATmass and healthier BMI 10–12
years later, further supporting the importance of early locomotion
experience during development for healthier body composition.

Interestingly, the age of MDM attainment was not associated
with preadolescent VAT mass. While this finding was a bit
surprising, the current study included only 15 (11.5%) children
with obesity. This suggests that there may have been little variation
in VAT levels in normal-weight children, and future studies should
include more children across a more extensive weight range.

Rolling over, compared to other motor milestones, is a
coordinated and dynamic movement that facilitates transitioning
into and out of stationary positions and progressing into bipedal
movements. Moreover, rolling over benefits the learning of more
complex movements later in development, i.e., movements
requiring crossing the midline and shifting positions to
regain stability and control, such as recovering from a fall
(Hoogenboom et al., 2009). Competence in balance, coordination,
and proprioception early in life boosts motor skill acquisition and
PA engagement which may contribute to healthier SAAT levels
(Lopes et al., 2012). The timing of rolling over attainment may
have a bidirectional exponential effect where earlier attainment
encourages a more active lifestyle, and later attainment may
influence factors contributing to an increased risk of developing
health complications later in life. The non-significant relationship
between early MDM and preadolescent VAT levels could reflect
the relatively low-risk nature of this study’s sample. Similar studies
investigating early life influences on the accumulation of VAT and
SAATmass later in development may benefit from includingMDM
timing of attainment in future analyses to further understand the
synergistic effects of motor behavior throughout development.

4.2 Mental health

Early attainment of MDMs may contribute to locomotor
experiences associated with psychosocial development (Campos
et al., 2000). Many longitudinal studies have identified the
relationship between gross MDMs and later mental health
outcomes; however, more robust evidence of a causal relationship
with differing developmental trajectories is needed. Siggurdson
et al. examined 6,850 participants from the 1958U.K. Birth Cohort
and the National Child Development Study, demonstrating that
delays in locomotor milestones, such as walking after 18 months,
are associated with the development of anxiety problems between
the ages of 7 and 16 years (Sigurdsson et al., 2002). Another study of
4,627 participants from the British 1946 birth cohort that measured
anxiety and depression symptoms at ages 13, 15, 36, 43, and 53
years found that earlier standing and walking were associated with
a reduced likelihood of symptoms later in life (Colman et al., 2007).
This suggests that early life behavioral markers, such as MDM, are
important to consider when determining contributing factors in
the later development of mental health outcomes, including anxiety
and depression.

The ability to competently move with age-appropriate
accuracy and coordination enables opportunities for the optimal
development of psychosocial wellbeing (Mancini et al., 2016).
Learning to roll over involves using the entire body to coordinate
the head, arms, torso, and legs to move from the stomach (prone)
to the back (supine) position and vice versa. During the learning
process of this movement and eventual mastery of rolling over,
the amount and type of learning experiences increase, allowing an
infant to adapt and enhance motor independence and confidence
(Adolph and Franchak, 2017). Our findings suggest earlier rolling
over is associated with self-reported lower levels of trait anxiety
(STAIC-T) and fewer symptoms of depression (CDI-2) 9–11 years
later. These associations were independent of demographic and
maternal health factors. Attainment of rolling over contributes
to vestibular development for balance, muscle development
for coordination and postural control, and proprioception or
bodily awareness (Piek et al., 2010; Adolph and Robinson, 2015).
Developing balance, coordination, and bodily awareness facilitates
learning experiences through exploration, leading to maturation
and attaining subsequent milestones (Cech and Martin, 2011;
Sangkarit and Tapanya, 2024). This dynamic relationship is
important for play, where an infant’s self-discovery is enriched
through interacting with their environment, thereby contributing
to other developmental domains such as language, cognition, and
socio-emotional development (Adolph and Hoch, 2019; Schott
et al., 2023; Thelen et al., 2001; Aguilera-Alcala et al., 2020; Valadi
and Gabbard, 2020; Venetsanou and Kambas, 2010). Successive
gross MDM attainment builds on this spatial exploration and may
foster peer-to-peer interactions and familial bonding (Sangkarit
and Tapanya, 2024; Thurman and Corbetta, 2017; Rocha et al.,
2019). Earlier MDM attainment may afford more motor learning
experiences, aiding positive social interactions that, in return, build
motor confidence and self-confidence, contributing to overall
wellbeing later in development.

4.3 Limitations

There are important limitations of this study to note. First,
this secondary data analysis of a multiyear randomized controlled
crossover trial provided multiple metrics to assess early MDM
association with later outcomes. Due to some parents being
unable to recall all their child’s MDMs, many participants did
not have complete data for all five MDMs, leading to varying
sample sizes per analysis that may impact consistency across
analyses. Second, MDM age of attainment data was obtained
through retrospective recall from the participants’ parent for
each milestone, which introduces a risk of recall bias. Future
research can improve this approach by confirming or retrieving
MDM attainment data from the child’s pediatrician or being in
closer proximity to the occurrence of each MDM. Third, the
sample population was primarily low-risk, typically developing
preadolescent children, whichmay not be representative of children
who fall into the extremes of mental and physical health status.
That is, 69% of the sample was within a normal weight range,
all participants were born full term at a healthy birthweight and
had no neuropsychological disorder during childhood, and all
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gross MDM ages of attainment were within the expected age
range as described by the BSID (Bayley, 2006, 1936). Fourth,
only five gross MDMs up to 18 months postpartum were
included in the analysis, excluding the development of transitional
gross motor skills. Collecting data on gross MDM from birth
to 4 years may offer more insight into early life behavioral
changes influencing the relationship with later health outcomes.
Fifth, our sample primarily consisted of mostly White, well-
educated families, which may limit the generalizability of our
findings to more diverse populations. Families with different
socioeconomic, cultural, and educational backgrounds may have
varying access to resources and developmental opportunities that
could influence MDM attainment and related outcomes. Future
studies should aim to include more heterogeneous samples to
better capture the variability across broader populations. Sixth,
perinatal maternal health, parent–infant interaction, affordances in
the home environment, infant feeding, sleeping patterns, growth,
and milestone attainment across developmental domains were not
included and remain areas for further investigation. Finally, other
confounding factors, such as parental mental and physical health
history, parental PA engagement, maternal alcohol consumption,
smoking, number of siblings, and parenting practices, may have
long-lasting influences on developmental trajectories. Accordingly,
these findings should be taken with caution, as children develop
rapidly, and data between infancy and preadolescence may further
inform interpretations of the role MDMs serve in understanding
developmental trajectories and later health outcomes.

5 Conclusion

Even with the limitations and all the other factors that
might affect physical and mental health in preadolescence, the
results of this study provide further evidence that parent-reported
MDM age of attainment is related to later preadolescent physical
and psychological health. This study provides further evidence
that parent-reported MDM age of achievement is related to
later preadolescent physical and mental health. These findings
are among the first to assess the relation of early MDMs
with objective measures of CRF and body composition in
preadolescent children and have potential clinical implications,
with early MDMs serving as a marker for later physical and
mental health. Earlier attainment of rolling over within the
expected range was associated with healthier body composition
(SAAT), lower levels of trait anxiety, and fewer symptoms
of depression. Additionally, earlier walking and rolling over
were associated with healthier CRF (VO2 max). By further
understanding the far-reaching effects of early motor development,
early life interventions aimed at preventing physical and mental
health adversity may benefit from investigating early MDM
attainment. Similar studies following children and their families
from infancy through adolescence while tracking all early
gross MDM may help distinguish whether such links between
early gross MDM and preadolescent health outcomes might
be attributed to early life environmental influences across
developmental stages. These findings support theories advocating
that early locomotor experiences are essential for understanding
developmental health trajectories.
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