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Abstract

Aim: The aim of this study is to gain more insight into child and environmental factors
that influence gross motor development (GMD) of healthy infants from birth until
reaching the milestone of independent walking, based on longitudinal research.
Background: A systematic search was conducted using Scopus, PsycINFO, MEDLINE
and CINAHL to identify studies from inception to February 2020. Studies that inves-
tigated the association between child or environmental factors and infant GMD using
longitudinal measurements of infant GMD were eligible. Two independent reviewers
extracted key information and assessed risk of bias of the selected studies, using the
Quality in Prognostic Studies tool (QUIPS). Strength of evidence (strong, moderate,
limited, conflicting and no evidence) for the factors identified was described
according to a previously established classification.

Results: In 36 studies, six children and 11 environmental factors were identified. Five
studies were categorized as having low risk of bias. Strong evidence was found for
the association between birthweight and GMD in healthy full-term and preterm
infants. Moderate evidence was found for associations between gestational age and
GMD, and sleeping position and GMD. There was conflicting evidence for associa-
tions between twinning and GMD, and breastfeeding and GMD. No evidence was
found for an association between maternal postpartum depression and GMD.
Evidence for the association of other factors with GMD was classified as ‘limited’
because each of these factors was examined in only one longitudinal study.
Conclusion: Infant GMD appears associated with two child factors (birthweight and
gestational age) and one environmental factor (sleeping position). For the other
factors identified in this review, insufficient evidence for an association with GMD
was found. For those factors that were examined in only one longitudinal study, and
are therefore classified as having limited evidence, more research would be needed

to reach a conclusion.
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1 | INTRODUCTION

Infants show great variability in the attainment of the milestones of
gross motor development (GMD). For example, independent walking
is achieved between the ages of 8 and 17 months (WHO Multi-
centre Growth Reference Study Group & de Onis, 2006). According
to dynamics systems theory, infant motor development emerges
from the interaction between factors within the child and in the
environment (Adolph & Hoch, 2019). Therefore, many different fac-
tors are responsible for this variability in infant motor development
(Thelen & Corbetta, 2002). Several studies have investigated the
association between child factors and an infant's GMD. Some fac-
tors have been subjects of study in reviews, including gestational
age (GA) and birthweight (BW). In three reviews on these factors,
strong evidence was found for an association of motor impairment
and infants born very preterm (VPT) or with a very low BW from
birth till 16 years of age (de Kieviet, Piek et al., 2009; Golding
et al., 2014; Pascal et al., 2018). The review by Pin et al. (2007),
about the factors sleeping position and the use of equipment,
showed evidence for a transient delay in motor development of
both term—and low risk PT infants who were not exposed to prone
position. The use of equipment does not seem to delay or advance
motor development in healthy term born infants (Pin et al., 2007).
Reviews on other child and/or environmental factors are lacking.
Furthermore, in the above-mentioned reviews, it was noted that
many studies were of low methodological quality and most included
studies had a cross-sectional design. Because variability and time
are key elements in GMD, studies with a repeated-measures design
are preferred to those that evaluate the association of a factor
cross-sectionally (Adolph et al., 2008). By examining the association
between a factor and GMD over time using the same sample, find-
ings based on sample differences are avoided. Hence, studies with
longitudinal designs give a more reliable representation of factors
associated with GMD than those with cross-sectional designs
(Twisk, 2013).

A better understanding of factors associated with GMD of
infants is an important basis for clinical reasoning and for designing
new interventions for infants lagging in their GMD (Lobo &
Galloway, 2012). Given the small number of reviews on factors asso-
ciated with GMD, their dates of publication and the limited scope of
factors included, it is important to provide an update. Besides, longi-
tudinal studies relating to child factors and environmental factors
associated with infant GMD have not yet been considered systemat-
ically. Therefore, the aim of the present review is to provide an
overview of child and environmental factors associated with GMD
of infants from birth to independent walking, based on longitudinal

studies.

Key messages

e Low birthweight and short gestational age have a
persisting negative association with infant gross motor
development from birth to independent walking.

e There is inconsistent evidence for an association of
breastfeeding, supine sleeping and (occluded) baby-
walker use with infant gross motor development.

e More robust measures for environmental factors are

needed.
2 | METHODS
21 | Datasources and searches

A systematic search was conducted to identify studies that met the
inclusion criteria. MEDLINE, CINAHL, PsycINFO and SCOPUS were
February 2020. The

contained three main terms: ‘motor development’, ‘infants’ and

searched from inception to search
‘cohort studies’. The search strategies, tailored to the different data-
bases, are included in Appendix A. When a systematic review was

found, all included studies were screened for eligibility for this review.

2.2 | Study selection

Only studies published in peer-reviewed journals in English, with
full text available, were included. Two reviewers (I.S. and M.B.)
selected the studies independently, first by title and abstract and
then, if necessary, by reading the methods section of the study. If
the reviewers could not reach consensus, a third independent
reviewer (J.N. or M.V.) was consulted. All remaining studies were
subsequently read in full text to determine eligibility according to
inclusion and exclusion criteria.

For inclusion, a longitudinal design was required, meaning two
or more repeated measurements of GMD. When the study outcome
was the attainment of a motor milestone, only prospective parental
reports were included. Participants had to be healthy PT or full-term
(FT) infants. PT infants with the following conditions were excluded:
cystic periventricular leukomalacia; Grade Il or IV haemorrhage
according to Papile classification; post-haemorrhagic ventricular dila-
(defined as

supplementation > 36 weeks postmenstrual age). Studies on pathol-

tion;  bronchopulmonary  dysplasia oxygen
ogy or medical intervention were excluded. If no description of

important characteristics, such as GA, birth weight and the
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presence of pathology was available, the study was excluded.
Only birth cohort studies with samples that included >1,500 infants,
a maximum of 5% of infants with health conditions that may affect
motor development were accepted. At least one measurement of a
child factor or an environmental factor, hypothesized to have an
association with GMD, had to be reported. The following factors
prenatal factors (e.g., intrauterine

were excluded: growth

retardation) or specific maternal factors (e.g, drugs and
intracytoplasmic injection) and interventions (e.g., zinc and baby

massage).

2.3 | Study quality/RoB

Critical appraisal of studies is essential to identify and assess biases
that may have affected the study outcomes (Huguet et al., 2013).
Therefore, two researchers (I.S. and M.B.) assessed all included
studies (n = 36) independently with the Quality in Prognostic
Studies tool (QUIPS). This tool is designed to assess the risk of
bias (RoB) in studies with prognostic factors (Hayden et al., 2013).
The QUIPS includes 31 questions on validity and bias in six areas:
study participation, study attrition, prognostic factor measurement,
outcome measurement, study confounding, and statistical analysis
and reporting. The items are scored as ‘yes’ (fulfilled), ‘partial’ (par-
tially fulfilled), ‘no’ (not fulfilled) or ‘?’ (unclear whether criterion is
fulfilled). Subsequently, based on individual items' scores within
each domain, all six domains were labelled ‘low’, ‘moderate’ or
‘high> RoB, according to the recommendations and prompts of
Hayden et al. (2013). Disagreement on individual scores was
resolved by discussion and consensus. If necessary, a third
reviewer (J.N. or M.V.) was consulted. Finally, a total RoB score
was composed for each study as a basis for the best evidence syn-
thesis. A study had to score a low RoB in all six domains for the
overall RoB to be judged low. If this requirement was not met, the
study was rated as having a high overall RoB. This procedure was
determined a priori by the reviewers and based on the procedure
described by Hayden et al. (2013). All information and discussion

about RoB assessment was reported in Review Manager (Cochrane

TABLE 1 Strength of evidence (Hayden et al., 2019)

Strength of

evidence Description

Strong Defined as greater than 75% of studies showing
the same direction of effect in multiple low RoB
studies

Moderate Findings in multiple high RoB studies and/or one
study with low RoB

Limited One study available

Conflicting Inconsistent findings across studies

No evidence No association between prognostic factor and

outcome of interest

Abbreviation: RoB, risk of bias.

Collaboration, 2012). A summary statement of the study quality is
displayed in Section 3 (Table 1).

24 | Data extraction and data synthesis

The results were presented according to PRISMA guidelines (Moher
et al., 2009). Factors with statistical significance (p < 0.05) were
reported for each study. Analysing the data, it became evident that
various types of analysis had been performed, for example, repeated-
measures analysis, cross-sectional analysis and analysis of the mean
age of reaching milestones as outcome measure (motor milestone
studies). Because these outcomes were so heterogeneous, a meta-
analysis could not be conducted. Therefore, a qualitative synthesis
was performed, and the strength of evidence assessed following the
descriptions for prognostic studies according to Hayden et al. (2019),
described in Table 1. Data extraction focused on population charac-
teristics, ages and measurements for motor outcomes and factors.
From the results, correlations, regression coefficients, odds ratios and

other outcomes were extracted (Appendix B).

3 | RESULTS

The search yielded 5,594 potentially relevant studies. After removing
duplicates, 3,548 studies remained. These were screened indepen-
dently by two reviewers on title and abstract, and 3,250 studies were
excluded. Four studies were added from other sources. From the
remaining 302 full text studies, 36 were eligible for this review.
Reasons for exclusion are specified in the PRISMA flow chart (Moher
et al., 2009) (Figure 1).

3.1 | Study characteristics

Included studies had their origin in 13 countries. Of the 36 studies,
25 were conducted in North America and Europe, the others being
mainly carried out in Asia (Taiwan and Japan) and South America
(Brazil). In total, the studies represent 71.546 infants with a median
sample size of 261.5 (range 27-20.112). In 22 of the included studies,
only FT infants (GA > 37 weeks) participated. Mixed populations (both
FT and PT infants) were examined in 13 studies, and one study included
only PT infants (GA < 34 weeks). Six child factors were examined in
16 studies, and the association of 12 environmental factors was evalu-
ated in 20 studies. The included studies table (Appendix B) provides
information on the main population characteristics, study design, ana-
lyses performed and outcomes. The studies were grouped by type of
factor (child, environmental or multiple factors), see Table 2. Studies
were described by the main factor, which was the main objective of the
research question. Studies examining multiple factors were grouped.
Confounders that were considered and were significant in the final
model are summarized in the included studies table. A summary of the

significant associations of factors with GMD is displayed in Table 3.
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g
‘e No scientific or English publication available N =38
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Design
n=3548 Intervention study N=25
— No repeated measures 0-2 year N=29
Retrospective data collection N=9
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= Full-text articles assessed . . )
2 f ligibili Factor is perinatal / maternal / toxic
%’ or eligibility exposure N =39
Factor is not present N=13
n =302 Studied outcome measure
Is not motor outcome N=14
E Studies included in Additional records identified through other
2 qualitative synthesis sources (references from other reviews)
Q
£ n=36 n=4 FIGURE 1 PRISMA flowchart
[Colour figure can be viewed at
- wileyonlinelibrary.com]
3.2 | RoB assessment no evidence for an association between GA in infants born post-term

Major issues with study quality were related to study attrition and
study participation. High RoB on the domain ‘statistical analysis and
reporting’ was mainly found in research carried out before the year
2000 (n = 4). Five studies scored an overall low RoB, comprising 14%
of included studies (Table 4).

4 | CHILD FACTORS
4.1 | Gestational age

Four studies with high RoB examined the association of GA and GMD in
various populations (Espel et al., 2014; Field et al., 1978; Flensborg-
Madsen & Mortensen, 2017; Yaari et al, 2018), finding moderate
evidence that a shorter GA for infants is negatively associated with
GMD in the age range 0-18 months. The study by Yaari et al. (2018)
showed that moderately preterm (MPT) infants (GA 32-34 weeks) have
persistently lower levels of GMD in the age range 1-18 months, com-
pared with FT infants. However, because GA and BW were highly corre-
lated, it is not clear whether these differences are primarily due to GA or
BW (Yaari et al., 2018). Flensborg-Madsen and Mortensen (2017) con-
cluded that most of the variance (14.5%) in the achievement of motor
milestones by infants, both FT and PT, is explained by GA and BW. In a
sample of FT infants (37-41.6 weeks GA), longer pregnancy duration
was also significantly associated with better motor scores at 3, 6 and

12 months, after adjusting for confounders (Espel et al., 2014). There is

(>42 weeks) and GMD from 4 to 12 months (Field et al., 1978).

4.2 | Birthweight

Four studies examined the association between BW and infant GMD
(Datar & Jacknowitz, 2009; Flensborg-Madsen & Mortensen, 2017;
Grantham-McGregor et al., 1998; Lung et al., 2009a). Two studies
with a low RoB and one study with a high RoB examined infants with
very low birthweight (VLBW) (<1,500 g) and found strong evidence
that low birthweight (LBW) (<2,500 g) in both PT and FT infants is
associated with a more delayed GMD in the age range 4-24 months
(Datar & Jacknowitz, 2009; Grantham-McGregor et al., 1998; Scharf
et al., 2016). There is limited evidence that infants with normal BW
(>2,500 g) have more advanced GMD than infants with LBW (Lung
et al., 2009a). In a mixed population of infants (GA 27-46.5 weeks),
Flensborg-Madsen and Mortensen (2017) showed that BW in addition
to GA explained most of the variance in motor milestone attainment
(Flensborg-Madsen & Mortensen, 2017). All studies that included PT

infants accounted their outcomes to GA.
4.3 | Anthropometry
Three studies investigated the association of anthropometric mea-

sures with infant GMD. The study with the factor ‘overweight’
(Slining et al., 2010) had a low RoB; the other two had high RoB
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(Continued)

TABLE 2

Single factor studies

Environmental factors

Child factors

Cultu-
ral

Parental

Parental
mental
health

Maternal
mental
health

Season

Day-care

Baby

neonatal

Adolescent
mother

Mat.

Motivation Sleep

Back-

BW  Twin Anthropometry ground to move

context

of birth

perceptions walker attendance

depression

BF

position

GA

Author (year)

Siegel and

Burton
(1999)
Souza et al.

(2010)
Tsuchiya

et al. (2012)

Vierhaus et al.

(2011)

(Bartlett, 1998; Scharf et al., 2016). Due to the heterogeneity of the
populations and the difference in measures, the outcomes of these
three studies could not be compared.

Regarding the factor overweight, there is moderately consistent
evidence that overweight FT infants, measured from birth to
18 months, are more prone to delayed GMD in the age range
3-18 months, compared with infants of normal weight (Slining
et al., 2010).

Limited evidence was found for the factors ‘proportionately
larger head’, ‘body mass index (BMI) and ‘body length’. Infants with
normal BW and a proportionately larger head showed lower motor
scores at 6 weeks, but not at later ages (Bartlett, 1998). For the fac-
tors ‘body length’ and ‘BMI’, no association was found with infant
motor outcome between 6 weeks and 15 months.

For VLBW infants, there is limited evidence that BMI and length
are associated with more delayed GMD at 9 and 24 months (Scharf
etal, 2016).

44 | Twin

Four studies with high RoB investigated the association between
twinning and GMD, allowing for BW and GA (Brouwer et al., 2006;
Goetghebuer et al, 2003; Lung et al, 2009a; 2011; Nan
et al., 2013). Overall, the evidence was inconsistent: either signifi-
cantly negative associations or no associations between GMD and
twinning were reported. The study by Brouwer et al. (2006) found
no differences in the achievement of motor milestones between
Dutch singletons and twins in the age range 0-24 months. Three
other studies reported both significant and non-significant associa-
tions at different ages. Nan et al. (2013) reported that twins from
0 to 12 months scored lower on GMD, compared with singletons.
These outcomes are broadly in line with the study by Goetghebuer
et al. (2003). After adjusting for the confounder BW, the age of
milestone achievement was significantly later for twins in only three
out of eight milestones in the first year. Lastly, Wilson and Harpring
(1972) observed that twins had significantly lower motor scores
compared with singletons at 6 and 18 months, but not at 3, 9 and
12 months.

4.5 | Other child factors

For the child factors, ‘Afro-American background’ and ‘motivation to
move’, significant associations with infant GMD were reported but, as
each factor was examined by only one longitudinal study, each with
high RoB, these findings were interpreted as providing limited
evidence. Infants with an Afro-American background achieved
most motor milestones at an earlier age compared with infants with
other cultural backgrounds (Capute et al., 1985). Infants that were
perceived to have a stronger motivation to move in the age range 7 to
12 months showed earlier achievement of five milestones (Atun-Einy
etal, 2013).



532 Wl LEY BOONZAAIJER ET AL.

TABLE 3 Associations between factors and infant GMD

Child factors

Age of motor assessment outcome Age of motor milestone outcome
RoB 0-3m 4-6m 7-12m 13-24m 25-60m 0-3m 4-6m 7-12m 13-24m  25-60m
GA
Preterm
Yaari et al., 2018 H s**
Term
Espel et al., 2014 H s* g** g**
Post-term
Field et al., 1978 H ns ns
Birthweight
Low BW
Datar & L s s**
Jacknowitz, 2009
Grantham- L s s
McGregor et al.,
1998
Normal BW
Lung et al., 2009a H s s
Twin
Nan et al., 2013 H s s s ns
Brouwer et al., 2006 H ns ns
Goetghebuer H s** s*/ns® s*/ns?
etal,, 2003
Wilson & Harpring, H ns s ns s
1972
Anthropometry
Weight, length and head
circumference
Scharf et al., 2016 H s s
Overweight
Slining et al., 2010 L s*
Proportionately larger head
Bartlett, 1998 H ns/s”  ns ns ns
Afro-American background
Capute et al., 1985 H s** §** s** s**
Motivation to move
Atun-Einy et al., H s* g/ H wx ax
2013
Environmental factors
RoB 0-3m 4-6m 7-12m  13-24m 25-60m 0-3m 4-6m 7-12m 13-24m  25-60m
Sleep position
Prone sleeping
Majnemer and H ns®/s® ns
Barr, 2006
Davis et al., 1998 H s/ S/ ns
ns
Supine sleeping
Lung and Shu, 2011 H s ns ns
Ratliff-Schaub et al., H ns ns

2001

(Continues)
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TABLE 3 (Continued)

Child factors

Age of motor assessment outcome Age of motor milestone outcome
RoB 0-3m 4-6m 7-12m 13-24m 25-60m 0-3m 4-6m 7-12m 13-24m  25-60m
Breastfeeding
Jardi et al.,, 2018 L s* s*
Michels et al., 2017 H ns ns ns
Morris et al., 1999 L ns/s ns
LBW/
HBW
Oddy et al., 2011 H ns ns ns
Maternal depression
Smith-Nielsen et al., H ns ns
2019
Sutter-Dallay H ns ns ns ns
etal, 2011
Maternal mental health
Lung, Shu, Chiang H ns ns ns
etal., 2011
Adolescent mother
de Borba and H ns
Valentini, 2015
Parental mental health
Lung et al., 2009b H ns Sm*
Parental neonatal
perception
Herndndez-Martinez  H Sm* Sp**
etal., 2011
Babywalker
Siegel and H s g s**
Burton, 1999
Daycare attendance
Souza et al., 2010 H S S

Season of birth winter
Tsuchiyaetal,, 2012 H s s ns

Cameroonian versus
German culture

Vierhaus et al., 2011 H sns
Multiple factors
RoB 0-3m 4-6m 7-12m  13-24m 25-60m 0-3m 4-6m 7-12m 13-24m  25-60m

Bjarnadottir et al., H ns ns ns ns

2019
Pereira et al., 2016 H S
Flensborg-Madsen H s s s

&

Mortensen, 2017

Note. L = low RoB (Risk of Bias), H = high RoB; ns = no significant association, s = significant association; s/ns = (no) associations longitudinally analysed;
m = maternal; p = paternal.

Abbreviations: HBW, high birthweight; LBW, low birthweight.

?Multiple motor milestones measured in same age-range.

PMultiple motor outcomes measured in same age-range.

*p<0.05. **p<0.01. "'p<0.001.
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TABLE 4 Risk of bias assessment (QUIPS)

Child factors

GA

Preterm

Yaari et al., 2018
Term

Espel et al., 2014
Post-term

Field et al., 1978

Birthweight
Low birthweight

Datar &
Jacknowitz, 2009

Grantham-McGregor
etal., 1998

Normal birthweight
Lung et al., 2009a

Twin

Nan et al., 2013
Brouwer et al., 2006
Goetghebuer et al., 2003
Wilson & Harpring, 1972

Study
participation

?

Weight, length and head circumference

Scharf et al., 2016
Overweight

Slining et al., 2010
Proportionately larger head
Bartlett, 1998
Afro-American background
Capute et al., 1985
Motivation to move
Atun-Einy et al.,, 2013
Environmental factors
Sleep position

Prone sleeping

Majnemer and Barr, 2006
Davis et al., 1998

Supine sleeping

Lung and Shu, 2011

Ratliff-Schaub
et al.,, 2001

Breastfeeding
Jardi et al., 2018
Michels et al., 2017
Morris et al., 1999
Oddy et al., 2011

7

Study
attrition

N/A

N/A

Prognostic factor
measurement

Outcome
measurement

Study
confounding

Statistical analysis
and reporting

Overall
RoB

I I I T

—r I r

(Continues)
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TABLE 4 (Continued)
Study Study Prognostic factor Outcome Study Statistical analysis Overall
participation  attrition measurement measurement confounding  and reporting RoB

Maternal depression

Smith-Nielsen et al., 2019 ? + + + ? + H

Sutter-Dallay et al., 2011 + ? ? + + +

Maternal mental health

Lung and Shu, 2011 + ? + ? + + H

Adolescent mother

de Borba and - N/A + - ? - H
Valentini, 2015

Parental mental health

Lung et al., 2009b + + + ? + + H

Parental neonatal perception

Hernandez-Martinez + N/A + + + ? H
etal, 2011

Babywalker

Siegel and Burton, 1999 ? + ? + ? ? H

Daycare attendance

Souza et al., 2010 - N/A ? + = o H

Season of birth winter

Tsuchiya et al., 2012 ? + + ? + + H

Cameroonian versus German culture

Vierhaus et al., 2011 ? ? + ? + + H

Multiple factors

Bjarnadottir et al., 2019 + + + ? + +

Flensborg-Madsen & + - + ? + ? H
Mortensen, 2017

Pereira et al., 2016 - - ? + + + H

Note. L = low risk of bias (RoB), H = high RoB; - = not reported, + = reported, ? = not sure; N/A = not applicable.

5 | ENVIRONMENTAL FACTORS

5.1 | Sleep position

In four studies, all high RoB, sleep position was examined in associa-
tion with infant GMD. There is moderate evidence that prone sleeping
is associated with a better GMD from 4 to 10 months (Davis
et al., 1998; Majnemer & Barr, 2006). No association was found from
11 to 17 months. In a study of Majnemer and Barr (2006), prone-
sleeping infants showed more advanced GMD at 6 months, but not at
4 and 15 months. Davis et al. (1998) found that prone-sleeping infants
were faster in the attainment of several motor milestones in the age
range of 4-10 months. No association was found between prone
sleeping and the motor milestone ‘walking alone’.

Conflicting evidence was found for the association between
supine sleeping and a delayed GMD at 4 and 6 months (Lung &
Shu, 2011; Ratliff-Schaub et al., 2001). No evidence was found for
any association of supine sleeping and GMD in the age ranges 0-3
and 12-36 months. In a cohort study of Lung and Shu (2011), supine-
sleeping infants showed a delay in GMD at 6 months. At 18 and

36 months, this association was no longer present (Lung & Shu, 2011).
Ratliff-Schaub et al. (2001) studied a population of VPT infants. GMD
at the corrected ages of 4 and 13 months was not associated with
sleeping in supine (Ratliff-Schaub et al., 2001).

5.2 | Breastfeeding

Five studies, two with low RoB (Jardi et al., 2018; Michels et al., 2017)
and three with high RoB (Bjarnadéttir et al., 2019; Morris et al., 1999;
Oddy et al., 2011), investigated the association between breastfeeding
(BF) and infant GMD. Two studies had mixed populations (PT/FT
infants and LBW/HBW FT infants), one was a cohort study, and two
studies examined FT infants. BF duration as a factor was defined differ-
ently in all studies, and overall, conflicting evidence was found regarding
the role of BF. Jardi et al. (2018) reported a significantly advanced
GMD at 6 months in FT infants that received both exclusive BF and
mixed feeding till 4 months, as compared with infants who received
only formula feeding (Jardi et al., 2018). These associations were only
significant in an adjusted model when the factors BMI (at 6 months)

and GA were added. At 12 months, a significant association of exclusive
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BF with advanced GMD was present when the factor iron status was
added to the model.

In four studies, no evidence was found of an association between
BF and GMD in the first 3 years of life in diverse populations (Michels
et al, 2017; Morris et al, 1999; Oddy et al., 2011). Morris
et al. (1999), a low RoB study, compared groups of FT infants with
HBW and LBW and evaluated the frequency of BF in the first 4 weeks
and between 5 and 26 weeks after birth. They found that BF intensity
did not correlate with motor outcome at 6 and 12 months for both
groups separately. Linear regression showed that in both LBW and
HBW infants, BF intensity in the first 4 weeks of life was significantly
associated with motor scores at 6 months, but this was no longer
apparent at 12 months (Morris et al., 1999). Michels et al. (2017) did
not find an association of exclusive BF and infant GMD, nor for PT
infants (Michels et al., 2017). The study by Oddy et al. (2011) revealed
that GMD scores in infants with BF < 4 months did not differ from
those in infants with BF > 4 months. Only boys who were breastfed
for less than 4 months had an increased risk of one atypical score on
the Ages and Stages Questionnaire (ASQ) at any time-point. In the
group of FT infants with a normal BW, Bjarnadéttir et al. (2019) found
no association between duration of BF (exclusive or total duration)
and motor milestone achievement.

5.3 | Maternal depression

In two studies, both with high RoB, maternal depression was exam-
ined in association with infant GMD. Overall, there was no evidence
that postpartum depression is associated with GMD between the
ages of 3 and 24 months (Smith-Nielsen et al., 2016; Sutter-Dallay
et al., 2011). In the study of Smith-Nielsen et al. (2016), 28 FT infants
of mothers with a diagnosis of maternal depression were compared
with a control group (n = 53). This revealed no association with motor
scores at the ages of 4 and 13 months. Sutter-Dallay et al. (2011)
found no association between the depression score of the mother
(at 6 weeks after giving birth and at follow-up) and GMD from 3 to
24 months (Sutter-Dallay et al., 2011).

5.4 | Other environmental factors

The following environmental factors were examined by only one lon-
gitudinal study each and findings are therefore categorized as high
RoB, interpreted as limited evidence.

For the environmental factors ‘use of an occluding baby walker’,
‘home environment’ and ‘daycare attendance’, significant associa-
tions with infant GMD were reported. The use of an occluding baby
walker, a walker in which the infant is not able to see its own feet, is
significantly associated with a delayed GMD between 6 and
15 months, in comparison with a see-feet baby walker and no baby
walker use (Siegel & Burton, 1999). Home environment, including a
higher family income, more stimulation by putting the infant in inde-
pendent positions, is significantly associated with higher motor per-
formance in infants between 2 and 12 months (Pereira et al., 2016).

About the factor ‘daycare attendance’ it was found that infants who

were attending daycare full-time, 13% (n = 4) were suspect for motor
delays at 12 and 17 months (Souza et al., 2010).

For the factors that all were examined by one high RoB study:
season of birth (Tsuchiya et al., 2012), parental mental health (Lung
et al, 2009b), parental neonatal perceptions (Hernandez-Martinez
et al.,, 2011), and cultural context (Vierhaus et al., 2011), the associa-
tion with GMD changed over time. Infants born in spring have higher
motor scores at 6 and 10 months of age than infants born in winter;
at 14 months, no association with GMD was found (Tsuchiya et al.,
2012). Better parental mental health was associated with better GMD
at 18 months (Lunget al., 2009b). Concerning the factor ‘parental
neonatal perceptions’, more negative maternal perceptions have a
negative association with infant GMD at 4 months. At 12 months, posi-
tive paternal perceptions were associated with an advanced GMD
(Herndndez-Martinez et al., 2011). Cameroonian infants have signifi-
cantly higher motor scores than German infants at 3 and 6 months,
implying an association between cultural context and GMD. At
9 months, this association was no longer present (Vierhaus et al., 2011).

No evidence was found for the factors adolescent mother. Motor
scores of infants aged zero to 18 months did not differ significantly
between infants who had an adolescent or adult mother (de Borba &
Valentini, 2015). Also for the factor maternal mental health no
evidence was found for an association with infant GMD at 6, 18 and
36 months (Lung, Shu, Chiang, et al., 2011).

6 | DISCUSSION

This review aimed to provide an overview of factors associated with
GMD of healthy FT and PT infants as examined in longitudinal studies.
In total, 36 studies were identified of which 15 examined a child fac-
tor, 17 examined an environmental factor and 4 investigated multiple
factors. Six child factors and 11 environmental factors were examined
in the selected studies. Strong evidence was found for the association
of the child factor ‘LBW’ with infant GMD. Moderate evidence was
found for the child factors ‘overweight’ and ‘shorter GA’, and for the
environmental factor ‘prone sleeping’. There was conflicting evidence
for the factors ‘twinning’, ‘supine sleeping’ and ‘BF’. Regarding the
other factors identified in this review, insufficient evidence for an
association with GMD was found, and they were classified as having
no or limited evidence. Only the factors that are examined in multiple
studies and therefore enabling a qualitative synthesis will be discussed
in more depth.

6.1 | Child factors

This review included four longitudinal studies (Espel et al., 2014; Field
et al, 1978; Flensborg-Madsen & Mortensen, 2017; Scharf
et al., 2016), all showing moderate evidence that a shorter GA is asso-
ciated with a delay in GMD. The samples that were studied ranged
from 26 to 42 weeks GA. This association is in line with the results
from the meta-analysis by de Kieviet et al. (2009) who reported a sig-
nificant negative association between the GA of VPT children and
GMD. The study of Espel et al. (2014) indicated that the duration of
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gestation is not only associated with GMD in PT infants but also,
maybe less pronounced, in early FT, FT and late FT infants.
Fundamentals about the association of GA with GMD presented in
most of the included studies (Espel et al., 2014; Yaari et al., 2018) are
that growth of the brain and neurological maturation of the brain dur-
ing the prenatal period are linked to neurodevelopmental outcome.
This review provides strong evidence that both VLBW (<1,500 g)
and LBW (1,500-2,500 g) are significantly associated with lower
motor outcomes of PT and FT infants from O to 24 months. These
findings concur with those of a systematic review on motor outcomes
in VLBW and VPT children (de Kieviet et al., 2009), including a meta-
analysis on 9,653 VLBW children from O to 16 years. de Kievit et al.
concluded that an increase in BW was related to better motor out-
comes. The negative association of LBW and GMD was also reported
in a cross-sectional study of Hediger et al. (2002), who found delays
in GMD in both FT and PT infants with LBW (Hediger et al., 2002).
These outcomes show that the impact of BW on GMD transcends
that of premature birth. Golding et al. (2014) concluded that LBW is a
marker of intrauterine growth retardation rather than of PT delivery
and therefore has a direct and strong impact on GMD. From the
included studies, only the study of Datar and Jacknowitz provides an
explanation of the relation between BW and GMD. Besides intrauter-
ine malnutrition, low birth weight is also caused by genetic and envi-
ronmental effects. These also may exert the negative effect on motor
outcomes in the first year of life (Datar & Jacknowitz, 2009).
Regarding the factor twinning, it is known that twins are more
prone to developmental delay from prematurity and LBW. The ques-
tion arises of whether twinning is an independent risk factor. In this
review, conflicting evidence was found in four studies (Brouwer
et al., 2006; Goetghebuer et al., 2003; Nan et al., 2013; Wilson &
Harpring, 1972). Differences in the sample and in the method of mea-
suring GMD might play a role in this. Goetghebuer et al. (2003) found
that Gambian twins were significantly delayed in reaching three of the
eight milestones studied, after adjustment for the confounders BW
and GA. However, the authors suggest that cultural factors may
explain the observed delays in the twins' GMD. In the Dutch sample
of Brouwer et al. (2006), no significant differences were observed in
GMD between twins and singletons with normal BW and GA. Unlike
the study of Goetghebuer et al. (2003), who used the mean age of
reaching a milestone, Brouwer et al. (2006) used the percentage of
twins who achieved a milestone at a fixed age, which is less accurate
and might explain differences in outcomes. A study performed in the
United Kingdom measured GMD of infants (GA 26-39 weeks), using
the ASQ, and based the outcomes on the American norm scores of
healthy FT singletons (Nan et al., 2013). This study found that UK
twins scored below the normal range on GMD until 9 months of age.
However, a singleton control group was not used. Recent research on
the cross-cultural validity of norm values of motor measurements
shows that North American infants are ahead of European infants
(De Kegel et al., 2013; Steenis et al., 2015a; 2015b; Suir et al., 2019).
In this light, it might be debated whether the described results are
indicators of delayed GMD in twins or merely a reflection of normal
GMD in UK PT and FT infants. Overall, the evidence from these

longitudinal studies does not show that twinning is an independent
risk factor for GMD of infants.

6.2 | Environmental factors

The included studies on the factor BF, all suggest that GMD may be
positively affected by BF because (1) BF is a critical source of energy
enabling motor development and (2) BF protects infants against gastro-
intestinal infections which optimizes health and therefore (motor) devel-
opment. In this review, no evidence of an association with GMD was
found (Bjarnadoéttir et al., 2019; Michels et al., 2017; Morris et al., 1999;
Oddy et al., 2011). This is in line with recent cross-sectional studies
(Khan et al., 2019; Leventakou et al., 2015). A review by Golding
et al. (2014), which included six cross-sectional studies, also found no
clear evidence for any association of BF and GMD. However, Jardi
et al. (2018) did find a positive association of BF (exclusive and mixed
feeding) and GMD in a group of term born infants. As the outcomes
were only significant in the adjusted model including GA and BMI at
6 months and iron status at 12 months, this might indicate that any
existing relationship between BF and GMD is mainly indirect and based
on infant anthropometry and important nutrients like iron. Considering
the limitations that are mentioned in the included studies, it becomes
evident that rigorous research in this field is a challenge. One reason for
this is the many confounding factors, such as maternal cognition and
socio-economic effects. Besides, the effects of BF appear to be differ-
ent in developing and developed countries and in term born and PT
born infants with a low BW. Finally, several studies report that the lack
of an association between GMD and BF might also be due to the for-
mula feeding that improved so much over the last decades that it levels
the quality of breastmilk (Bjarnadéttir et al., 2019; Oddy et al., 2011).
Michels et al. (2017) concludes that the positive effects of BF go
beyond motor development.

The moderate evidence found in this review for a positive asso-
ciation of prone sleeping and GMD from 4 to 10 months for both
FT and PT infants was already signalled in the review of Pin
et al. (2007), which included nine studies on the effects of sleeping
position on GMD. Three of these studies were longitudinal and
were included in this review (Davis et al, 1998; Majnemer &
Barr, 2006; Ratliff-Schaub et al., 2001). The study of Lung and
Shu (2011) concluded that supine sleepers only showed a delayed
GMD at 6 months, not at 18 and 36 months (Lung & Shu, 2011). It
seems logical that the association between sleeping position and
GMD is most present before 6 months when infants are dependent
on their caregivers to change positions. There are also indications
that more than 20 years after the ‘Back to sleep’ campaign was set
up, the adverse effects of supine sleeping on GMD might have
diminished due to adequate education about ‘tummy time’ (Carmeli
et al,, 2009; Hewitt et al., 2017).

There was no evidence found in the two included studies for an
association of postpartum maternal depression (PPMD) and GMD in
infants (Smith-Nielsen et al., 2016; Sutter-Dallay et al., 2011). A system-
atic review of nine studies by Aoyagi and Tsuchiya (2019), including the
study of Smith-Nielsen also found no association between GMD and
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PPMD (Aoyagi & Tsuchiya, 2019). The study of Smith-Nielsen
et al. (2016) and Sutter-Dallay et al. (2011) do not explain the mecha-
nism that links PPMD to a delayed motor development.

Regarding the other environmental factors that were examined in
single studies with a high RoB, only the effect of baby walker use on
GMD has been previously reviewed (Burrows & Griffiths, 2002; Pin
et al., 2007). The cohort study of Siegel and Burton (1999), included in
this review, was included in both reviews. Pin et al. (2007) reported
conflicting evidence. Burrows and Griffiths (2002) conducted a pooled
analysis of four studies and found a delay of 11 to 26 days in the
onset of walking for infants using a baby walker, which is in line with
the outcome of the study of Siegel and Burton (1999). Both reviews
evaluated the overall study quality as poor.

6.3 | Strengths and limitations

In 18 of 36 studies, mean BW and mean GA were not reported. The
absence of these major characteristics made comparisons difficult.
Furthermore, the characteristics of the samples varied between stud-
ies examining the same factor. This heterogeneity in population char-
acteristics improves the generalizability of the outcomes found in this
review. In addition, the QUIPS has proved to be a useful tool to assess
the quality of observational studies. This approach is supported by
Huguet et al. (2013) who, in addiction, advocate the use of modified
GRADE standards to judge the quality of prognosis studies.

6.4 | Future directions

In this review, inadequate study participation, high attrition and the
lack of some robust measures for environmental factors seem to be
the main causes of low study quality. Therefore, more high-quality
studies need to be performed and replicated in the field to increase
the levels of evidence.

In future research, using clearly described population groups, a
fixed set of confounders and measures regarding infant GMD would
enable researchers to draw more firm conclusions. Results from this
review suggest that BW and GA should be considered as confounders
for their profound impact on GMD.

To increase the number of longitudinal studies including large
cohorts of infants, feasibility should be improved by lowering the
burden for both infants and parents in time and costs. Innovative
and digital aids, like smartphone apps and activity trackers, are
possible means for gathering large amounts of data to provide
insight into the complex pathways of infant development
(Boonzaaijer et al., 2017; Kwong et al., 2019; Spittle et al., 2016).
Also, more robust measures for environmental factors, like the home
situation, caregiving practices and parent-infant interaction, are
needed. Outcomes of these ‘modifiable factors’ can be the building
blocks in developing new effective interventions to improve infant
GMD (Lobo & Galloway, 2012).

To date, evidence reveals that lower BW and shorter GA have a
persisting negative association with GMD of infants over time. For

many other factors, the association with GMD remains unclear.

Overall, it can be concluded that our knowledge on what drives motor
development in infants is still limited. To disentangle the complex
interplay of genetic and environmental factors and their association

with GMD, more research is needed.
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APPENDIX A

SEARCH STRINGS DATABASES
Searchstring MedLine (PubMed)

Run: Feb 2016 to Feb 2020

((motor development*[tiab] OR “Motor Skills”[Mesh] OR motor skill*[tiab] OR motor milestone*[tiab] OR motor assessment*[tiab] OR motor
behavior*[tiab] OR motor abilit*[tiab] OR motor growth[tiab] OR motor maturation[tiab] OR neuro maturation[tiab]) AND (“Child’[Mesh] OR
“Infant”’[Mesh] OR child*[tiab] OR newborn*[tiab] OR preschool*[tiab] OR infant*[tiab] OR neonate*[tiab]) AND (factor*[tiab] OR affordance*
[tiab] OR constraint*[tiab] OR obstacle*[tiab] OR impediment*[tiab] OR enabler*[tiab] OR motivat*[tiab] OR inhibit*[tiab] OR stimulat*[tiab] OR
correlat*[tiab] OR determin*[tiab] OR facilitat*[tiab] OR barrie*[tiab]) AND (“Cohort Studies”[Mesh] OR cohort stud*[tiab] OR concurrent stud*
[tiab] OR cohort analys*[tiab] OR incidence stud*[tiab] OR cohort survey*[tiab] OR follow up stud*[tiab] OR followup stud*[tiab] OR follow up
analys*[tiab] OR followup analys*[tiab] OR follow up survey*[tiab] OR followup survey*[tiab] OR longitudinal stud*[tiab] OR longitudinal analys*
[tiab] OR longitudinal survey*[tiab] OR prospective stud*[tiab] OR prospective analys*[tiab] OR prospective survey*[tiab] OR retrospective stud*
[tiab] OR retrospective analys*[tiab] OR retrospective survey*[tiab] OR repeated measure*[tiab])) AND (“2001/01/01”[PDat]:
“3000/12/31”[PDat])

Searchstring CINAHL (EBSCO)

Run: Feb 2016 to Feb 2020

(“motor development®” OR MH “Motor Skills+” OR “motor skill*” OR “motor milestone*” OR “motor assessment®’ OR “motor behavior
OR “motor abilit*” OR “motor growth” OR “motor maturation” OR “neuro maturation”) AND (MH “Child+” OR MH “Infant+” OR child* OR new-
born* OR preschool* OR infant* OR neonate*) AND (factor* OR affordance* OR constraint* OR obstacle* OR impediment* OR enabler* OR
motivat® OR inhibit* OR stimulat* OR correlat* OR determin* OR facilitat* OR barrie*) AND (MH “Prospective Studies+” OR “cohort stud*” OR
“concurrent stud®” OR “cohort analys*” OR “incidence stud*” OR “cohort survey*” OR “follow up stud*” OR “followup stud*” OR “follow up ana-

%35

%33 %35 %23

lys*” OR “followup analys*” OR “follow up survey*” OR “followup survey*” OR “longitudinal stud*” OR “longitudinal analys*” OR “longitudinal

%93 %33

survey™” OR “prospective stud*” OR “prospective analys* OR “prospective survey* OR “retrospective stud*” OR “retrospective analys*” OR

“retrospective survey*” OR MH “Repeated Measures” OR “repeated measure™”)

Limiters: Publication year 2001-

Searchstring Psyclnfo (EBSCO)

Run: Feb 2016 to Feb 2020

(DE “Motor Development” OR DE “Perceptual Motor Development” OR DE “Psychomotor Development” OR “motor development*” OR DE
“Motor Skills” OR “motor skill*” OR.
“motor milestone*” OR “motor assessment®” OR “motor behavior*” OR “motor abilit*”> OR “motor growth” OR “motor maturation” OR
“neuro maturation”) AND (child* OR newborn* OR preschool* OR infant* OR neonate*) AND (factor* OR affordance* OR constraint* OR obsta-
cle* OR impediment* OR enabler* OR motivat* OR inhibit* OR stimulat* OR correlat* OR determin* OR facilitat* OR barrie*) AND
(ZC “prospective study” OR ZC “retrospective study” OR ZC “followup study” OR ZC “longitudinal study” OR “cohort stud*” OR “concurrent

stud*” OR “cohort analys®” OR “incidence stud®*” OR “cohort survey*” OR “follow up stud*’ OR “followup stud*’ OR “follow up analys*” OR

*93 %33 %33 %33

“followup analys*> OR “follow up survey®’ OR “followup survey*’ OR “longitudinal stud*’ OR “longitudinal analys*” OR “longitudinal survey*”

%93 *33 *93

OR “prospective stud*” OR “prospective analys*” OR “prospective survey*” OR “retrospective stud*” OR “retrospective analys*” OR “retrospec-

%33

tive survey®” OR MH “Repeated Measures” OR “repeated measure*”)

Limiters: Publication year 2001-

Searchstring SCOPUS (Elsevier)

Run: Feb 2016 to Feb 2020

TITLE-ABS-KEY (“motor development” OR “motor skill” OR “motor milestone” OR “motor assessment” OR “motor behavior” OR “motor
ability” OR “motor growth” OR “motor maturation” OR “neuro maturation”) AND TITLE-ABS-KEY(“infant” OR “child” OR “newborn” OR “neo-
nate” OR “preschool”) AND TITLE-ABS-KEY(“factor” OR “affordance” OR “constraint” OR “obstacle” OR “impediment” OR “enabler” OR “moti-
vate” OR “inhibit” OR “stimulate” OR “correlate” OR “determiner” OR “facilitate” OR “barrier’) AND TITLE-ABS-KEY(“cohort study” OR
“concurrent study” OR “cohort analysis” OR “incidence study” OR “cohort survey” OR “follow up study” OR “followup study” OR “follow up
analysis” OR “followup analysis” OR “follow up survey” OR “followup survey” OR “longitudinal study” OR “longitudinal analysis” OR “longitudinal
survey” OR “prospective study” OR “prospective analysis” OR “prospective survey” OR “retrospective study” OR “retrospective analysis” OR
“retrospective survey” OR “repeated measure”) AND (PUBYEAR > 2000)
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