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Abstract: Early childhood motor development is an important indicator of short- and long-term
health. In utero exposures impact offspring health across the lifespan; however, whether maternal
activity during pregnancy may impact early childhood motor development remains unknown. This
prospective cohort study measured the motor development skills of n = 70 children born to mothers
from a previously conducted cohort study which objectively measured activity profile, (sedentary
behavior (SED) and moderate-to-vigorous intensity physical activity (MVPA), across pregnancy.
Mothers reported the motor development of their child using the Early Motor Questionnaire (EMQ).
Linear regression models examined associations between maternal activity profile and EMQ scores.
Maternal SED and MVPA were analyzed in two ways: trimester-specific and across pregnancy using
trajectory groups. Children were 12–30 months of age, majority white (82%), and 52% male. Maternal
SED during pregnancy was not associated with any EMQ domains (gross motor, fine motor, and
perception action). Higher maternal MVPA, across pregnancy by trajectory group and in the first and
second trimesters, was significantly associated with moderate-sized effects of more advanced fine
motor and perception action scores. Higher MVPA in early pregnancy appears to be related to more
advanced early childhood motor development. Therefore, maternal MVPA may be a modifiable
behavior by which short- and long-term offspring health may be impacted.

Keywords: DOHaD; accelerometry; maternal–child health; epidemiology

1. Introduction

The Developmental Origins of Health and Disease (DOHaD) theory focuses on the
fetal environment as the earliest determinant of short- and long-term health risks in off-
spring [1]. Poorer health in childhood generally tracks into poorer health in adulthood [2,3],
making it of critical importance to prevent the early development of adult disease. There-
fore, an improved understanding of modifiable behaviors during pregnancy that may
impact the fetal environment and offspring health is needed.

One potential modifiable behavior is maternal activity profile, including sedentary be-
havior (SED), defined as low-intensity behaviors in a sitting, reclining, or lying position [4],
and moderate-to-vigorous intensity physical activity (MVPA) during pregnancy. These
behaviors affect the fetal environment through nutrient delivery, placental alterations, and
energy metabolism [5,6]. There is a growing body of evidence to suggest negative impacts
of high SED during pregnancy on maternal [7] and child health [8]. Additionally, the
benefits of MVPA during pregnancy for the mother and baby, including reduced risk for
gestational diabetes, preeclampsia, excessive gestational weight gain and improved fetal
growth, are well documented [9,10]. However, less is known about whether the effects
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of these behaviors on the fetus during pregnancy persist into early childhood. Therefore,
more research is needed to understand how maternal SED and MVPA may impact early
childhood health.

One important indicator of health in early childhood is motor development. Motor
development is foundational for children’s physical, social, and psychological health [11].
Poorer or delayed motor development is related to an increased risk for obesity, lower
levels of MVPA, and lower cardiorespiratory fitness across childhood [12–14]. While
the importance of motor development skills in early childhood is well established, how
the intrauterine environment may impact the development of motor skills in childhood
remains unknown. Birth size, often used a proxy measure of sufficiency of the intrauterine
environment, may be associated with motor development. In one previous study, children
born with a lower birth weight had lower motor development scores between 2 and
47 months of age than those born with normal birth weight [15]. Within the context of
the DOHaD theory, this suggests that in utero exposures may impact childhood motor
skills and subsequent fitness levels, obesity, and cardiometabolic health risk. However,
the association between maternal activity during pregnancy and early childhood motor
development is unclear.

Though the activity profile during pregnancy is plausibly associated with early child-
hood motor development, research investigating this relationship is extremely limited by
the use of self-reported maternal MVPA, failure to examine maternal SED, or study designs
that only capture late pregnancy activity. Further, available studies have produced mixed
findings [16–19]. This is an important research gap as maternal activity during pregnancy is
a modifiable behavior that could potentially improve short- and long-term offspring health.
Therefore, the primary purpose of this study was to examine the associations between
objectively measured SED and MVPA across all three trimesters of pregnancy with early
childhood motor development skills. A secondary objective was to examine whether size
at birth explained these associations. We hypothesized that lower maternal SED and higher
maternal MVPA would be associated with more advanced motor development skills in the
offspring and that adjustment for birth size would attenuate these associations.

2. Materials and Methods

The present study added follow-up assessments on the children of women enrolled
in the MOnitoring Movement and Health (MoM Health) study, which was a prospective
cohort study. The MoM Health study included three study visits, one in each trimester
of pregnancy, where women received two movement monitors (described below) to ob-
jectively measure SED and MVPA. The purpose of this follow-up study was to examine
health outcomes in the children born to mothers in the parent study in early childhood
(between the ages of 12 and 30 months). To be eligible for the parent study, women had to
be between the ages of 18 and 45, <14 weeks pregnant, not taking any blood pressure or
glucose lowering medications, and able to walk a half of a mile and climb two flights of
stairs. Participants with ≥1 trimester of valid objective activity monitoring and a singleton
live birth (n = 103) were contacted for follow-up recruitment and were deemed eligible if
they had custody of their child and the child did not have any congenital or chromosol
abnormalities that would affect growth or development.

In the follow-up study, which is the focus of this manuscript, mothers were asked
to complete an electronic questionnaire battery. Informed consent was obtained from all
participants involved in this study and all procedures were approved by the University of
Pittsburgh Institutional Review Board.

2.1. Maternal–Child Characteristics

A standard demographics questionnaire was used to collect the child’s age, race, and
primary feeding type (i.e., breastfeeding, formula fed) along with maternal education and
household income. Questionnaires were completed electronically using REDCap (Research
Electronic Data Capture) web-based software. Birth length and weight measures were
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abstracted from medical records and converted into body mass index (BMI) z-scores using
the STATA World Health Organization z-score calculator plug-in [20].

2.2. Objective Measurement of SED and MVPA

Maternal activity profile data were initially collected in the parent study and included
measurement in each trimester of pregnancy using gold-standard, objective measurement
methodology described in detail elsewhere [7]. The activPAL3 micro accelerometer (PAL-
technologies, Glasgow, Scotland) was used to measure SED with a 24 h wear protocol.
Participants were instructed to only remove this thigh-mounted monitor for swimming and
to complete a diary to document all sleep and non-wear periods. Data from the activPAL
were exported in event format and trained research staff removed all sleep and non-wear
times [21,22]. Actigraph GT3X accelerometers (Actigraph, Pensacola, FL, USA) worn on an
elastic belt on the right hip and below the gravid abdomen were used to measure MVPA.
Participants were instructed to wear this monitor during all waking hours, only to be
removed for sleep or water activities (bathing or swimming). Data were analyzed using
Actilife v6 12.2 software using Freedson 2011 VM cutpoints for classifying MVPA [23].
Participants were instructed to wear monitors concurrently for 7 days, and data were
considered valid if worn for ≥10 h on ≥4 days [22,24].

Group-based trajectory analysis was used to describe activity patterns across preg-
nancy [25]. Trajectory groups were auto-generated separately for SED and MVPA and
best fit was selected based on the Bayesian criterion index (BIC), greatest percentage of
participants placed in groups with posterior probability of ≥70%, and clinical relevance of
derived groups. High, medium, and low groups were generated separately for SED and
MVPA and women were assigned to the group that most closely fit their activity patterns.
Mean percent time spent in SED and MVPA across pregnancy in the high, medium, and
low trajectory groups are displayed in Figure 1 and further details of these groups have
been previously reported elsewhere [7].
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Figure 1. Maternal SED and MVPA trajectory groups across pregnancy trimesters.

2.3. Motor Development

The Early Motor Questionnaire (EMQ) [26] was used to measure motor development
by parent report. Participants responded to questions about their child’s behaviors at the
time of questionnaire completion using a 5-point scale ranging from −2 (sure child does
not show behavior) to +2 (sure child shows behavior). The questions provide a composite
score in three domains: gross motor (possible range: −98 to +98), fine motor (possible
range: −96 to +96), and perception-action (possible range: −62 to +62). The three domain
scores correspond to full body movements and large muscle group control (gross motor),
small muscle groups and ability to grasp, hold, or manipulate objects (fine motor), and a
child’s ability to use their senses to gather information and respond to the world around
them (perception action) [27]. An instructional video accompanied the questionnaire to
aid in the proper completion of the EMQ. The EMQ is widely used to measure parent-
reported motor development in early childhood and has high concurrent validity with
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gold-standard, examiner-administered motor development measurement (gross motor:
r = 0.97, fine motor: r = 0.91, perception action: r = 0.91) [26]. Due to wide variations in age
within our sample, including n = 26 children >24 months of age, models used raw EMQ
scores as the dependent variable with adjustment for age using a linear spline with an
inflection point at 24 months. This methodological choice reflects the fact that the EMQ
score is expected to increase more steeply up to age 24 months and then be more stable
after 24 months.

2.4. Statistical Analysis

Participant characteristics were summarized overall and by SED and MVPA trajectory
groups using mean (SD) for continuous variables and frequencies for categorical variables.
Differences in participant characteristics by trajectory groups were examined using either
Kruskal-Wallis for continuous variables or Fisher’s exact test for categorical variables. Ma-
ternal SED and MVPA were examined using two approaches, trimester-specific and across
pregnancy by trajectory group. Linear regression models, adjusted for age splines, exam-
ined the relationship between trimester-specific and trajectory groups maternal SED and
MVPA, with the three EMQ score domains (gross motor, fine motor, and perception action).
From the age-adjusted linear regression models examining SED and MVPA trajectories,
predicted least square mean EMQ scores were calculated and used to illustrate predicted
averages with age adjustment by maternal activity trajectories. Semipartial correlations
were used to assess the effect size (meaningfulness) of associations, in which effects < 0.2
are considered weak, 0.2–0.5 are moderate, and >0.5 are strong [28]. To examine the sec-
ondary objective, all linear regression models were repeated, including adjustment for BMI
z-score at birth. Differences in significance and magnitude of associations were qualita-
tively assessed before and after adjustment for BMI z-score at birth to explore consistency
of associations.

Of the n = 103 participants contacted for this follow-up study, n = 74 replied and
consented to participate. Four participants did not complete the EMQ, resulting in an
analytical sample of n = 70. Women that responded and enrolled in the present study were
significantly younger, more highly educated, and less racially diverse than the parent study
sample. Due to our small sample size and resulting limited ability to adjust for covariates,
participant characteristics (e.g., income, pre-pregnancy BMI, race, age, education, child
feeding type) that could potentially confound our analyses were evaluated in all statistical
models. These sensitivity analyses were conducted whereby the potentially confounding
characteristics were tested for influence in all statistical models one at a time.

With our n = 70, age splines explained roughly 45% of the variance in linear regres-
sion models. Post-hoc power calculations determined that we had 80% power to detect
additional covariates that explained 7% or more of the remaining variance with an alpha
level of 0.05.

3. Results

Children (n = 70) were between the ages of 13 and 30 months (mean: 21.6 ± 5.2 months)
at the time of follow-up, and 53% male, primarily white (82%), and mostly had mothers
who were highly educated (57% had a masters or doctoral degree). SED and MVPA
trajectory group membership was independent (χ2 p = 0.703). Demographic and clinical
characteristics are summarized in Table 1 overall and by maternal SED and MVPA trajectory.
No characteristics significantly differed across either activity trajectory group.
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Table 1. Participant characteristics overall and by maternal SED and MVPA trajectory groups.

Sedentary Trajectory (n) MVPA Trajectory (n)

Overall (70) Low (12) Med (29) High (29) p Low (18) Med (38) High (14) p

Median
(IQR 25%, 75%)

Child age, months 22.7
(16.7, 26.5)

25.4
(21.9, 28.0)

20.7
(16.8, 26.5)

22.8
(16.6, 26.0) 0.327

23.6
(15.1,
26.56)

22.7
(16.8, 26.2)

22.8
(16.8,
26.09)

0.964

Gestational age at birth,
weeks

38.3
(38.4, 40.0)

39.6
(39.14,
39.71)

39.0
(38.1, 40.0)

39.4
(38.3, 40.0) 0.679 39.1

(38.6, 39.6)
39.7

(38.3, 40.0)
38.9

(37.0, 39.7) 0.285

Maternal pre-pregnancy
BMI, kg/m2

21.5
(21.5, 29.5)

27.5
(23.3, 21.9)

24.3
(19.9, 27.4)

23.9
(21.9, 25.7) 0.199 25.2

(21.0, 31.6)
24.0

(21.7, 30.8)
24.0

(21.7, 27.5) 0.845

Maternal EPDS score * 2.0
(1.0, 5.0)

3.5
(0.0, 8.0)

1.0
(0.0, 4.0)

3.0
(2.0, 5.0) 0.153 4.0

(2.0, 5.0)
2.0

(0.0, 5.0)
2.0

(0.5, 5.5) 0.469

n (%)

Sex 0.059 0.470
Male 37 (53) 4 (33) 13 (45) 20 (69) 12 (66) 18 (47) 7 (50)

Female 33 (47) 8 (67) 16 (55) 9 (31) 6 (33) 20 (53) 7 (50)
Feeding type 0.926 0.757

Exclusively breastfed 36 (51) 7 (58) 15 (52) 14 (48) 9 (50) 20 (53) 7 (50)
Partial breastfeeding 31 (44) 5 (42) 12 (41) 14 (48) 9 (50) 15 (39) 7 (50)

Exclusively formula-fed 3 (4) 0 2 (7) 1 (4) 0 3 (8) 0
Maternal Education 0.214 0.157
High school or less 1 (1) 0 0 1 (2) 1 (5) 0 0

Some college or training 11 (15) 4 (33) 4 (14) 3 (10) 5 (28) 3 (8) 3 (21)
College graduate 18 (27) 4 (33) 5 (17) 9 (31) 5 (28) 11 (29) 2 (14)
Masters/Doctoral 40 (57) 4 (33) 20 (69) 16 (55) 7 (39) 25 (63) 9 (64)

Household Income 0.188 0.448
<50,000 6 (8) 3 (25) 2 (7) 1 (3) 1 (6) 4 (11) 1 (7)

50,000–75,000 8 (11) 2 (17) 4 (14) 2 (7) 3 (17) 4 (11) 1 (7)
>75,000 53 (76) 6 (50) 22 (76) 25 (86) 12 (67) 30 (78) 11 (80)

Don’t know/refused to
answer 3 (4) 1 (8) 1 (3) 1 (4) 2 (11) 0 1 (7)

Race 0.871 0.538
White 58 (82) 9 (75) 25 (86) 24 (83) 13 (72) 32 (84) 13 (93)
Black 6 (9) 2 (17) 2 (7) 2 (7) 2 (11) 3 (8) 1 (7)
Asian 6 (9) 1 (8) 2 (7) 3 (10) 3 (17) 3 (8) 0

EPDS: Edinburgh Postpartum Depression Score, BMI: body mass index. * Fewer observations available for EPDS score (n = 49).

3.1. Early Motor Questionnaire and Maternal SED and MVPA Trajectories

Predicted least square mean scores for each EMQ domain by maternal SED and
MVPA trajectories were estimated using age-adjusted linear regression models and are
presented in Figure 2. Linear regression models examining associations between maternal
SED and MVPA trajectories with EMQ domains found that predicted fine motor and
perception-action scores were higher in the medium or high maternal MVPA trajectory
groups compared to low maternal MVPA and did not differ by SED trajectory groups.
MVPA trajectories explained 7.2% and 7.1% of the variance in fine motor and perception-
action scores, respectively. Compared to the children with mothers in the low MVPA
group, fine motor scores were 11.00 and 13.76 points higher in the children with mothers in
the medium or high groups, respectively (medium group 95% CI: 2.67, 19.33, high group
95% CI: 3.51, 24.00). Children with mothers in the medium or high MVPA groups had
perception-action scores that were 7.02 and 9.56 points higher as compared with children
of mothers in the low group, respectively (medium group 95% CI: 0.92, 13.12, high group
95% CI: 2.07, 17.06). All significant differences in scores correspond to a moderate effect
sizes with semipartial correlations ranging from 0.24 to 0.28. Results from linear regression
models examining associations between EMQ with maternal SED and MVPA trajectories
are presented in Table S1.
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3.2. Early Motor Questionnaire and Trimester-Specific Maternal SED and MVPA

Results from linear regression models examining associations of trimester-specific
SED and MVPA with EMQ domain scores are presented in Table 2. Consistent with the
trajectory models, maternal SED in any trimester was not associated with early childhood
gross motor, fine motor, or perception-action scores. Higher maternal MVPA in the first and
second trimesters was significantly associated with higher fine motor scores (first trimester
std ß: 4.33, 95% CI: 0.81, 7.84, second trimester std ß: 3.72, 95% CI: 0.10, 7.33). Higher
MVPA was significantly related to higher perception-action scores in the first (std ß: 3.78,
95% CI: 1.29, 6.27) and second (std ß: 2.87, 95% CI: 0.27, 5.47) trimesters. MVPA explained
5.1% and 7.0% of the variance in fine motor and perception-action scores, respectively.

Table 2. Results from linear regression models examining association of trimester-specific SED and
MVPA with EMQ domains.

Trimester 1 Trimester 2 Trimester 3
Std. ß 95% CI Std. ß 95% CI Std. ß 95% CI

SED

Gross Motor −2.10 5.69, 1.49 −2.50 −6.08, 1.07 −1.55 −4.85, 1.96
Fine Motor 0.26 −3.55, 4.06 −1.92 −5.66, 1.82 −1.96 −5.42, 1.79

Perception-Action −1.35 −4.08, 1.38 −1.36 −4.09, 1.36 −0.79 −3.36, 1.89

MVPA

Gross Motor 1.90 −1.58, 5.38 0.29 −3.27, 3.84 −1.03 −4.74, 2.68
Fine Motor 4.33 0.81, 7.84 3.72 0.10, 7.33 2.70 −1.20, 6.60

Perception-Action 3.78 1.29, 6.27 2.87 0.27, 5.47 1.42 −1.47, 4.32

Std. ß: Coefficient representing change in EMQ score per 1 SD change SED or MVPA. SD SED: Trimester 1: 87.2
Trimester 2: 75.8 Trimester 3: 81.2 min. SD MVPA: Trimester 1: 16.6 Trimester 2: 17.3 Trimester 3: 17.3 min.

3.3. Early Motor Questionnaire and Maternal Activity with and without Additional Adjustments

Participants that did not have both valid EMQ data and BMI z-score data were excluded
from analyses with additional adjustment for BMI z-score at birth, resulting in an analytical
sample of n = 59 for these analyses. Associations between maternal activity trajectories
and EMQ scores, before and after adjustment for infant birth BMI z-score, are presented in
Table 3. High maternal MVPA trajectory was significantly associated with higher fine motor
score with and without adjustment for BMI z-score at birth. Higher perception-action score
was significantly associated with high maternal MVPA trajectory prior to adjustment for
BMI z-score at birth; though the magnitude of association was slightly strengthened, the
association was no longer statistically significant after adjustment.
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Table 3. Associations between activity trajectories and EMQ Scores with and without adjustment for
BMI z-score at birth.

Low Medium High
Coef. 95% CI Coef. 95% CI Coef. 95% CI

SED Trajectories

Gross Motor
Model 1 Reference - −2.07 −14.21, 10.07 −1.63 −13.75, 10.49
Model 2 Reference - −1.96 −14.33, 10.51 −1.43 −14.42, 10.51

Fine Motor
Model 1 Reference - −4.65 −15.64, 6.33 −3.39 −14.35, 7.57
Model 2 Reference - −5.19 −16.44, 6.06 −4.37 −16.02, 7.27

Perception-Action
Model 1 Reference - −1.01 −10.12, 8.09 −2.77 −11.85, 6.32
Model 2 Reference - −1.59 −10.89, 7.71 −3.83 −13.45, 5.80

MVPA Trajectories

Gross Motor
Model 1 Reference - −0.95 −10.65, 8.74 3.57 −8.40, 15.54
Model 2 Reference - −0.70 −10.61, 9.20 4.09 −8.42, 16.61

Fine Motor
Model 1 Reference - 7.22 −1.26, 15.70 11.60 1.13, 22.07
Model 2 Reference - 7.36 −1.31, 16.03 11.91 0.96, 22.86

Perception-Action
Model 1 Reference - 5.38 −1.68, 12.45 8.80 0.08, 17.52
Model 2 Reference - 5.43 −1.79, 12.65 8.90 −0.22, 18.03

Model 1 includes adjustment for age splines. Model 2 includes adjustment for age splines and BMI z-score at birth.

Associations between trimester-specific maternal activity and EMQ scores, before and
after adjustment for infant birth BMI z-score, are presented in Table 4. With this smaller
sample, higher maternal MVPA was associated with higher fine motor and perception
action scores in the first trimester only. The addition of BMI z-score at birth to models did
not impact the significance or magnitude of associations.

Relevant participant characteristics and concurrent adjustment for SED and MVPA
were added to each trajectory and trimester-specific model to test for influence. Inclusion of
maternal age, pre-pregnancy BMI, race, child feeding type, maternal education, household
income, and SED (in MVPA models) or MVPA (in SED models) one at a time did not change
the statistical significance or magnitude of association in statistical models. Results from
these sensitivity analyses are displayed in the supplemental materials, trajectory models
(Table S2) and trimester-specific models (Table S3).

Table 4. Associations between trimester-specific activity and EMQ scores with and without adjust-
ment for BMI z-score at birth.

Trimester 1 Trimester 2 Trimester 3
Std. Coef. 95% CI Std. Coef. 95% CI Std. Coef. 95% CI

SED

Gross
Motor

Model 1 −1.46 −5.67, 2.79 −2.00 −6.33, 2.33 −0.52 −4.68, 3.63
Model 2 −1.59 −6.0, 2.85 −1.99 −6.38, 2.41 −0.80 −5.09, 3.48

Fine Motor
Model 1 0.47 −3.40, 4.34 0.03 −3.91, 3.97 −0.12 −3.95, 3.73
Model 2 0.31 −3.76, 4.38 −0.07 −4.07, 3.92 −0.29 −4.25, 3.67

Perception-
Action

Model 1 −1.36 −4.53, 1.81 −0.68 −3.95, 2.59 −0.01 −3.18. 3.17
Model 2 −1.70 −5.02, 1.62 −0.79 −4.10, 2.52 −0.28 −3.54, 2.98
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Table 4. Cont.

Trimester 1 Trimester 2 Trimester 3
Std. Coef. 95% CI Std. Coef. 95% CI Std. Coef. 95% CI

MVPA

Gross
Motor

Model 1 1.20 −2.92, 5.32 −1.21 −5.57, 3.15 −2.27 −5.46, 2.68
Model 2 1.32 −2.93, 5.54 −1.30 −6.24, 3.64 −1.39 −6.62, 2.09

Fine Motor
Model 1 3.72 0.09, 7.34 3.24 −0.64, 7.12 2.04 −1.71, 5.79
Model 2 3.72 0.00, 7.44 3.62 −0.76, 8.01 1.98 −2.09, 6.04

Perception-
Action

Model 1 3.77 0.83, 6.71 2.91 −0.27, 6.10 1.07 −2.11, 4.24
Model 2 3.78 0.76, 6.79 3.19 −0.41, 6.79 0.79 −2.63, 4.23

Model 1 includes adjustment for age splines. Model 2 includes adjustment for age splines and BMI z-score at
birth. Std. Coef: Coefficient representing change in EMQ score per 1 SD change SED or MVPA. SD SED: Trimester
1: 87.2 Trimester 2: 75.8 Trimester 3: 81.2 min. SD MVPA: Trimester 1: 16.6 Trimester 2: 17.3 Trimester 3: 17.3 min.

4. Discussion

This study was conducted to better understand how the maternal activity profile
across pregnancy may relate to early childhood motor development. The main findings
are that maternal MVPA, but not SED, during pregnancy is related to early childhood
motor development. Higher levels of MVPA, across pregnancy and in the first and second
trimester, were associated with more advanced fine motor (small muscle group control) and
perception-action (physical response to visual stimuli) scores between 13 and 30 months of
age. Motor development skills in early childhood are critical for social and psychological
functioning and health [11]. Poorer motor development may have long-term consequences
as it has been related to an increased risk for obesity and lower fitness levels later in
life [12,13]. These findings indicate that engaging in MVPA during pregnancy may have
short- and long-term effects on offspring health.

This study contributes to an important research gap by examining maternal SED
during pregnancy and how it relates to early childhood motor development. No previ-
ous research has examined this association; therefore, our findings in which maternal
SED, across pregnancy or in any trimester, did not relate to early childhood gross mo-
tor, fine motor, or perception-action cannot be put into a broader context for comparison.
However, our data do offer novel evidence that maternal SED does not appear to impact
early childhood motor development due to the trivial magnitude and non-significance of
associations observed.

Few studies have examined the association between maternal MVPA in pregnancy and
child motor development. Of the existing studies, measurement of developmental skills
varies greatly, including cognitive, language, motor, and intelligence domains, making it
difficult to compare findings [17–19,29]. In one observational cohort study, most similar to
our study, and including 528 pregnant women, maternal leisure time physical activity was
self-reported in each trimester and development was measured using the Bayley Scales
of Infant and Toddler Development in children at 1- and 2-year follow-up. This study
found no difference in the motor development score across maternal physical activity
levels in children at either follow-up timepoint. This cohort study differs from ours by
measurement methodology for both physical activity and child development. Our study
objectively measured MVPA and included all domains of MVPA accumulated throughout
the day, while the comparison study used self-reported leisure time physical activity only.
Including all activity accumulated across the day may have provided a more sensitive and
biologically relevant measure of overall physical activity habits, which in turn may be more
strongly related to motor development than leisure time physical activity alone. Another
difference in methodology was the other study’s measure of motor development, where
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this outcome was directly assessed by trained research staff using a stronger measure of
motor development than our parent-reported questionnaire.

The association between maternal MVPA and child motor development has also
been tested experimentally, with most studies finding no significant association. One
structured exercise program included one in-person 60 min exercise session and two
at-home 45 min sessions of aerobic and strength exercise per week between 20 and 36
weeks of pregnancy. This study then compared the developmental scores of children
(intervention: n = 164, control: n = 115) at 7 years of age using the ‘Five-to-Fifteen’ motor
development questionnaire. No differences were found in fine or gross motor score
domains in children born to mothers in the intervention compared to the control groups [18].
Another randomized controlled trial which also included one in-person and two at-home
45 min sessions per week but limited to aerobic exercise only (intervention: n = 188,
control n = 148), measured development using the Bayley Scales of Infant and Toddler
Development in children at 18 months old and also found no significant differences in
overall motor development scores between intervention and control groups. However,
while non-significant, children of mothers in the exercise intervention had lower motor
scores than controls [17]. Lastly, and contrary to other findings, a small, supervised exercise
trial including three 50 min moderate-intensity aerobic exercise sessions per week with
27 intervention and 33 control participants measured the motor development of children
using the Peabody Developmental Motor Scales at one-month follow-up. This study found
that, at one month old, children born to intervention mothers had significantly higher
locomotion scores than controls [19]. Scores were also higher for stationary and gross
motor domains compared to controls but were not statistically significant. These studies
differ from ours because of the experimental manipulation of MVPA levels beginning
in the second trimester. Our observational design, beginning in the first trimester, may
capture more habitual exercise and effects of early pregnancy activity, which may explain
the different findings. Further, the varying age of follow-up and motor development
measurement tools in the existing literature makes comparison difficult. Taken together,
habitual exercise may have a positive impact on early childhood motor development, while
introducing activity during pregnancy may have no effect or only short-term benefits [19]
on motor development. Further investigation is needed to better understand the short- and
long-term developmental implications of MVPA during pregnancy.

While we cannot say for certain that the mechanisms by which MVPA in pregnancy
may lead to more advanced motor development in early childhood as we did not formally
study these, we propose two possibilities. The first is related to the Developmental Origins
of Health and Disease theory. This theory would posit that higher levels of MVPA, primarily
in early pregnancy, could aid in improved fetal development. Early pregnancy is when the
structure and function of organ systems are being developed, as opposed to late pregnancy,
when fetal growth is primarily body fat development. Maternal MVPA during pregnancy
is associated with improved nutrient sensing and vascularization of the placenta [5,6].
Improved nutrient transport in early pregnancy may relate to more optimal development
of musculoskeletal and organ systems in utero, which may then allow for more advanced
motor development in childhood. This could be consistent with our findings in which
adjustment for BMI z-score at birth did not explain the associations between maternal
MVPA and fine motor and perception-action scores. This suggests that any effect of MVPA
in late pregnancy would impact fat deposition and soft tissue growth, which was no longer
associated with motor development in our analysis. Therefore, the early pregnancy effects
on musculoskeletal and organ system development related to MVPA may be a plausible
mechanism by which higher MVPA relates to improved motor development.

The second proposed mechanism is postnatal exposure. Our study was observational
in nature and, therefore, likely captured habitual exercise. Although not measured in
this study, those with high levels of MVPA during pregnancy may be more likely to
be physically active postpartum [30]. Further, we propose that women who are more
active themselves may also be more active with their child, which would encourage
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motor developmental behaviors. However, evidence supporting a direct relationship
between parental activity and child motor development is limited. More advanced motor
development has been associated with higher levels of physical activity in children [14] and
physically active parents are more likely to have physically active children [31]. One study
found that higher levels of paternal, but not maternal, accelerometer-measured MVPA
were associated with improved motor development in 846 preschool-aged children [32]. In
contrast, another observational study actually found that maternal self-reported physical
activity was related to poorer object control, a domain of motor development in the Test for
Gross Motor Development-2 [33]. Though plausible, current data do not draw a clear link
between maternal physical activity in pregnancy or postpartum with motor development
in children. Further studies are needed to elucidate the mechanism by which maternal
MVPA may relate to motor development. Future research should examine environmental
and social determinants of childhood motor development as well as the physiological
differences or biomarkers related to improved motor development to differentiate between
the effects of nature versus nurture.

Strengths and Limitations

The use of objective, gold-standard measurement of maternal SED and MVPA is a
major strength of this study. The prospective design, with multiple measurement time-
points, allowed for analysis by trimester and patterns across pregnancy and established
temporality between pre- and post-natal outcomes. Further, the observational design of
the study may capture the effects of early pregnancy activity and habitual activity patterns
rather than only specific domains of SED or MVPA (i.e., leisure time, occupational) or the
introduction of new behaviors by experimental manipulation, often in the second trimester
or later.

While this study has several strengths, findings should be interpreted with caution
due to several limitations, including the small sample and possibility for type-I error
inflation due to multiple comparisons. The small sample size and limited racial and
sociodemographic variability limited our ability to adjust for potential confounders and,
while adjusting for these one at a time did not alter our findings, we may have lacked
power to detect differences. An additional limitation was the use of parent-reported motor
development using the Early Motor Questionnaire. While this tool is considered valid
and reliable compared to objectively measured motor development tools, there is the risk
of bias or misrepresentation of motor development ability with parent report. Over- or
under-reporting of motor development by the mothers could have influenced our results.
Further, this questionnaire was also collected with a variable follow-up interval (from 13 to
30 months), and sometimes outside of the optimized window for the motor development
assessment tool that we used (after 24 months old). Further, due to the observational nature
of this study, we cannot infer causality from our findings. As we did not experimentally
manipulate maternal activity patterns during pregnancy, we cannot say for certain that
changing SED or MVPA would elicit the same effects. Lastly, our sample participated in low
levels of vigorous intensity activity, which limited our ability to examine the associations
of higher activity intensities with offspring motor development. However, despite these
limitations, our findings do offer preliminary support for and inspire future study of the
association between maternal activity profiles and early childhood motor development.

5. Conclusions

Higher levels of MVPA, specifically in early pregnancy, were associated with more
advanced early childhood motor development. This finding adds to a robust body of
evidence on the benefits of MVPA during pregnancy. While maternal SED does not appear
to relate to motor development, more evidence is needed as our study has limitations in
sample size and rigor of motor development assessment and was the first to examine this
association. As motor development skills in early childhood are critical for a child’s short-
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and long-term physical, social, and psychological health, our findings support maternal
MVPA as a modifiable behavior by which health across the lifespan may be impacted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/children8070549/s1, Table S1: Association of age-adjusted and age-standardized EMQ domains
with maternal SED and MVPA by trajectory groups., Table S2: Sensitivity analyses examining
associations of SED and MVPA trajectories with and without adjustment for potential confounders.,
Table S3: Sensitivity analyses examining associations of trimester-specific SED and MVPA with and
without adjustment for potential confounders.
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