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Abstract Invited Reviewers
Introduction: Vitamin D plays an important role in brain development in 1 2
experimental studies; however, the effect of vitamin D deficiency on child
development remains inadequately characterized. We aimed to estimate

e o ; i version 2 v v

the effects of vitamin D deficiency on neurobehavioural outcomes in . ) .

. (revision) repor repor
children up to 18 years of age. 11 Ju 2020
Methods: We searched PubMed, EMBASE, PsycINFO, Scopus, Cochrane o
Library, Web of Science and Open Grey for published studies up to 10th
January 2020. We included all studies that assessed the effects of maternal  yersion 1 vy o
or child vitamin D status or vitamin D supplementation on neurobehavioural 13 Feb 2020 report report

outcomes in children. Study findings were synthesized qualitatively as the
high level of heterogeneity in study populations and methodologies
precluded a quantitative meta-analysis.

Results: Our search identified 5,633 studies, of which 31 studies with
31,375 participants from 18 countries were included in the systematic
review. Of the studies identified, one was a randomised controlled trial
(RCT) of vitamin D supplementation in children, while 30 were
observational. The RCT (n=55) reported a beneficial effect of
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supplementation with lower doses compared to higher doses of vitamin D Any reports and responses or comments on the
on motor development. Twelve mother-child studies (n=17,136) and five
studies in children (n=1,091) reported an association between low maternal
or child 25-hydroxyvitamin D levels and impaired neurobehavioural
outcomes in children, while 15 mother-child studies (n=20,778) and eight
studies in children (n=7,496) reported no association.

Conclusions: Although animal studies point to an effect of vitamin D
deficiency on brain development, there are few studies on the effects of
vitamin D deficiency on neurobehavioural outcomes in children and their
findings are inconsistent. There is a need for well-conducted, adequately
powered studies to further determine these effects in children.
Registration: PROSPERO ID CRD42018087619; registered on 15
February 2018.

article can be found at the end of the article.
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(:I37557:) Amendments from Version 1

We have revised the manuscript to address the comments and
suggestions made by the reviewers.

1. We added the subheadings “Reporting guidelines” to the first
paragraph in the methods section and “Study selection” to the first
paragraph in the results section.

2. We have included a sub-section in the results section comparing
studies that assessed development during infancy and those that
assessed development in older children and have added more
information on confounding in the discussion section. Results
suggested that associations between maternal 25(OH)D levels and
neurobehavioural outcomes were more likely to be observed in infants
compared to children over one year old.

3. As suggested, we have excluded the randomised controlled trial

by Salas et al., 2018 which included extremely preterm neonates, a
group with a higher risk of neurodevelopmental delays compared to
children born at full term. We have also updated Figure 1, Figure 2 and
Extended datafile 2 to reflect this exclusion.

4. We have now added information on the different assays used

to quantify serum or plasma 25(0OH)D levels in Table 1 and also a
summary of the teams that assessed neurobehavioural outcomes in
the different studies.

5. Lastly, although high heterogeneity between studies precluded
formal sensitivity analyses we compared study findings based on
when 25(0H)D levels were measured, assays used to measure
25(0OH)D levels, definition for vitamin D status and tools used to assess
neurobehavioural outcomes. We did not find any marked changes

in the results based on 25(0H)D assays or definition for vitamin D
status. Comparison of study findings based on neuroassessment tools
was limited since most studies used a wide variety of tools to assess
several neurobehavioural outcomes.

Any further responses from the reviewers can be found at the
end of the article

Introduction

Impaired neurobehavioural outcomes are common among
children worldwide, especially in low- and middle-income
countries (LMICs)'. Approximately 81 million children below
the age of five years have impaired cognitive and socioemotional
development in LMICs globally and 44% of these children
live in sub-Saharan Africa’. Impaired child development is
associated with poor educational achievement and subsequent
poverty and poor health outcomes’. Risk factors for impaired
development include home environments lacking in stimulation,
infections, malnutrition and micronutrient deficiencies®*. Vitamin
D deficiency and/or insufficiency is an important public health
concern that affects approximately one billion people globally>*.
Evidence suggests that vitamin D deficiency is particularly
widespread among children worldwide’.

Vitamin D may be important for brain development, especially
in the early years of life when the brain is developing rapidly
and is sensitive to nutrient deficiencies'’. Animal and in vitro stud-
ies provide consistent evidence for an important role of vitamin D
in brain development. Evidence includes indication of vita-
min D signalling in the brain, including presence of vitamin D
receptors (VDR), metabolites and enzymes responsible for

Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

vitamin D activation and inactivation'"'”. Furthermore, animal
studies show that vitamin D is important for neuronal differentia-
tion and reducing apoptosis in the hippocampus, an area that is
involved in language and memory'*'*. Vitamin D is also important
for neuroprotection and anti-inflammatory effects in the brain'>'
(Figure 1). However, there are few epidemiological studies
that have evaluated the effects of maternal or child vitamin D
status on neurobehavioural outcomes.

In this systematic literature review, our objective was to estimate
the effects of vitamin D deficiency and/or vitamin D supplemen-
tation on neurobehavioural outcomes in children. The outcomes
of interest included cognitive and motor development, behav-
iour, intelligence, memory, school achievement and language.
We further discuss the possible mechanisms by which vitamin D
deficiency might influence child development from in vitro and
animal studies.

Methods

Reporting guidelines

We used the Preferred Reporting Items for Systematic Review
and Meta-analysis (PRISMA) guidelines'”'* and the Centre for
Reviews and Dissemination (CRD) recommendations for under-
taking reviews in healthcare'’. We registered the protocol on the
PROSPERO database (registration number CRD42018087619).

Search strategy and eligibility criteria

We searched PubMed, EMBASE, PsycINFO, Scopus, Cochrane
Library and Web of Science for relevant studies published up
to 10" January 2020 without geographical or language limita-
tions. We also searched the Open Grey database for unpublished
studies. We further scanned reference lists of identified studies
and previous systematic reviews for relevant studies. We applied a
search strategy combining Medical Subject Heading terms
for [vitamin D] AND [neurobehavioural outcomes] AND
[children] and modified the search strategy as appropriate for
each of the specific databases (Extended data, file 1)'%.

We included studies if they (i) involved participants below 18
years of age or mother-child pairs; (ii) involved supplementation
with vitamin D or measured 25(OH)D levels in children or in
pregnant mothers; (iii) measured neurobehavioural outcomes in
children including cognitive or motor development, intelligence
quotient, attention, behaviour, school achievement or language.
We excluded studies that were in older populations or only
studied other outcomes apart from neurobehavioural outcomes.
We also excluded reviews and case studies, commentaries, study
protocols, reports and letters.

Study selection, data extraction and quality appraisal

First, we screened titles and abstracts of all identified studies
against the inclusion criteria. We then reviewed full texts for poten-
tially relevant articles to determine eligibility for inclusion. We
extracted data into an Excel spreadsheet with a list of variables
determined a priori by the authors. Variables that were extracted
for the review included the first author’s name and year of pub-
lication, study design, country, sample size, age at vitamin D
and neurobehavioural assessment, neurobehavioural outcomes
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Figure 1. Factors influencing vitamin D status in children and potential roles of vitamin D in brain development'-'6:20-22,

and tools used for evaluation, 25(OH)D cut-offs, and findings
of the study. Study selection and data extraction was carried out
by two reviewers independently (AMM and RMM) and then
compared. Disagreements between reviewers were resolved
through discussion. For this review, we defined severe vitamin D
deficiency, vitamin D deficiency, insufficiency and sufficiency as
25(0OH)D levels <25 nmol/L, 25-50 nmol/L, 50-75 nmol/L and
>75 nmol/L respectively according to the Endocrine Society
Practice Guidelines™.

We used the Cochrane handbook criteria to assess the risk of
bias for the randomized controlled trial (RCT)* and the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) checklist to assess for the quality of
observational studies included in the review?.

Synthesis of included articles
The large degree of diversity in the study populations and meth-
ods necessitated qualitative synthesis for the studies. We grouped

and discussed the findings by each neurobehavioural outcome
examined and used tables to present a summary of the study
characteristics and findings. We compared study findings
based on when 25(OH)D levels were measured, assays used to
measure 25(OH)D levels, definitions of vitamin D status and
tools used to assess neurobehavioural outcomes. For consistency,
we converted all units of 25(OH)D measurements into nmol/L.

Results

Study selection

Our search identified 5,633 articles and a further 18 articles were
identified from scanning through reference lists of relevant articles
(Figure 2). We removed 1,557 duplicate articles. After screen-
ing abstracts and titles, we excluded 4,003 articles that were
irrelevant to our study and retained 91 papers for full review.
We excluded 29 studies because the outcomes of interest were
physical growth, psychiatric disorders or infections, eight because
they assessed coverage of vitamin D supplementation pro-
grammes and two RCTs because the effect of vitamin D status
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5,633 articles identified through
database search

18 articles identified through
scanning reference lists

A 4

1,557 duplicates removed

4,094 articles screened by topic
and abstract

4,003 articles excluded on title and

abstract

eligibility

91 full-text articles assessed for

60 articles excluded after full-text
screening
29 articles assessed physical ~ growth,
psychiatric disorders and infection
outcomes
8 articles assessed coverage of vitamin

D supplementation programmes

2 articles did not measure the effect of
vitamin D separately

20 articles were literature reviews, study
protocols, comments or case studies

1 randomized controlled trial evaluated
the effect of vitamin D supplementation
in extremely preterm neonates

31 studies included in systematic review
1 randomized controlled trial
19 mother-child observational studies
11 child observational studies

Figure 2. PRISMA flow chart showing the selection process for studies included in the review.

on child development was not measured separately from the effects
of other micronutrients. We excluded one RCT as it evaluated
the effect of vitamin D supplementation on cognitive development
in extremely preterm neonates’®. We excluded an additional 20
articles as they were reviews, case studies, commentaries or study
protocols.

Study characteristics and outcomes

We included one vitamin D supplementation trial and 30 obser-
vational studies published between 2007 and 2019 in this review.
Of the 30 observational studies, 19 evaluated the effect of mater-
nal vitamin D status during pregnancy and 11 the effect of a
child’s vitamin D status on neurobehavioural outcomes in chil-
dren. Of the 11 studies in children, three were cohort studies, two
were case-control studies and six were cross-sectional studies; 19
studies were carried out in high-income countries and 13 in low
and middle-income countries. The sample sizes varied across

the studies, from 45 to 7065 children (Figure 3). The studies
evaluated a range of neurobehavioural outcomes using a variety
of assessment tools. In 21 studies, neurobehavioural assessments
were conducted by psychologists or trained research or clinical
staff, seven studies relied on caregiver reports, while three stud-
ies did not provide information on assessors. The studies used
varying definitions for vitamin D status and different assays to
quantify 25(OH)D levels (Table 1). All five studies that meas-
ured 25(OH)D levels in cord blood did not provide information
on the sampling procedures. The characteristics and results of the
included studies are shown in Table 1. The RCT showed a low
risk of bias (Extended data file 2)'¥, although the small sample
size (n=55) is likely to have limited its power and external
validity. All observational studies adjusted for multiple poten-
tial confounding factors except one study in which it was
unclear whether they adjusted for any confounders”. Limitations
of the observational studies included a lack of description about
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Studies that measured both vitamin D status and neurobehavioural outcomes in the children.

VZZZ A randomized controlled trial that assessed the effect of vitamin D supplementation on cognitive and motor outcomes in children.

Figure 3. Sample sizes and types of studies included in the review.

loss to follow-up, and many did not report the reasons for non-
participation and the number of participants missing data for each
variable (Extended data, file 3)'%.

Cognitive development

A total of 15 studies, including 19,810 mother-child pairs evaluated
the effect of vitamin D status during pregnancy on cognitive
development in children. Of these, four mother-child studies
(n=6,239) found a beneficial effect of higher maternal 25(OH)D
levels on cognitive development and 11 studies (n=13,234) reported
no association. In a large study of 3,896 American mother-child
pairs, higher maternal 25(OH)D levels were associated with
higher intelligence quotient (IQ) scores in children at 7 years of
age”®. Likewise, in a study of 1,820 Spanish mother-child pairs,
maternal 25(OH)D levels >75 nmol/L. were associated with
higher cognitive scores in children aged 11-23 months compared
to maternal 25(OH)D levels <50 nmol/L*. Another study of 363
Chinese mother-child pairs reported that cord blood 25(OH)D
levels between 5.56 and 20.8 nmol/L were associated with
lower cognitive scores in 16—18 month-old children than levels
between 39.9 and 51 nmol/L*’. Similarly, a study of 160 Chinese
mother-child pairs found that maternal 25(OH)D levels <50 nmol/L
were associated with low cognitive scores in six-month-old
children’'.

However, a large study of 7,065 mother-child pairs in the UK
reported no association between maternal 25(OH)D levels and
cognition in eight-year-old children”. Other studies in 1,020
American and 1,244 Chinese mother-child pairs also found no
association between maternal 25(OH)D levels during pregnancy
and cognition in children aged two years or below**. Two
mother-child studies in India (n=940) and Vietnam (n=886)
also found no association between maternal 25(OH)D levels
during pregnancy and cognition in children aged six months to
14 years*. Similarly, in six other studies of 2,079 mother-child
pairs, maternal 25(OH)D levels were not associated with cognitive
development after birth*’=*.

Seven observational studies measured both 25(OH)D levels and
cognitive development in children. One small cross-sectional
study (n=45) in Egyptian school children reported that
those with 25(OH)D levels of 37.5-77.5 nmol/L had improved
cognitive function compared to those with 25(OH)D levels
<27.5 nmol/L*. However, a cohort study in 401 Indian chil-
dren found no association between vitamin D status at six to 30
months of age with cognitive development at 12 to 36 months of
age*. Additionally, two case-control studies of 1,244 children
with neurodevelopmental disabilities and 670 controls with nor-
mal development in the USA reported no association between
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vitamin D status and cognitive development at two to nine years of
age’>. Likewise, a cross-sectional study of 1,790 American
adolescents aged 12 to 16.9 years did not find an association with
cognitive development”’. Similarly, two cross-sectional studies, one
of 1,370 Kuwaiti adolescents aged 11 to 16 years old and another
of 205 Bangladeshi children aged six to eight months reported
no association between vitamin D status and cognitive
development™**.

Motor development

One small vitamin D supplementation trial in 55 Canadian chil-
dren aged three to six months evaluated the effect of vitamin D
in doses of 400 international units (IU), 800 IU and 1200 IU on
gross motor skills. The study did not include a placebo arm.
They reported that supplementation with 400 IU vitamin D was
beneficial for gross motor development in infants compared to
supplementation with 800 or 1200 IU of vitamin D*.

A total of 10 studies including 11,503 mother-child pairs examined
the association between motor development and vitamin D status.
In five mother-child studies (n=9,549), high maternal 25(OH)D
levels were associated with improved motor development;
however, five studies (n=6,850) found no association. A large
study of 7,065 mother-child pairs in the UK reported a trend
of improved gross and fine motor scores in 18-30 month-old
children with increasing maternal 25(OH)D levels®”. Another
study of 1,820 Spanish mother-child pairs, similarly showed
that maternal 25(OH)D levels >75 nmol/L. were associated with
higher motor scores in infancy compared to levels <50 nmol/L”.
A study of 160 Chinese mother-child pairs showed that
vitamin D deficient (25(OH)D levels <50 nmol/L) moth-
ers were more likely to have children with lower psychomotor
development scores at six months of age compared to mothers
without deficiency’. Another study of 141 Indonesian mother-
child pairs reported that maternal 25(OH)D levels <25 nmol/L
were associated with impaired motor development in children
at three and 12 months of age’’. Interestingly, a study of 363
Chinese mother-child pairs reported an inverted u-shaped trend
of association with lower motor scores in toddlers that had cord
blood 25(OH)D levels between 5.56 and 20.8 nmol/L and
between 51.3 and 111 nmol/L. compared to the reference category
(levels 31.0 to 39.8 nmol/L)*". However, two large mother-child
studies in the USA (n=3,896) and China (n=1,244) and
smaller studies in Vietnam (n=886), Greece (n=487) and
Australia (n=337) reported no association between 25(OH)D
levels during pregnancy and motor development in children
aged between six months to four years?®33-304041,

Five studies assessed both 25(OH)D levels and motor develop-
ment in children. A cross-sectional study among 186 Iranian
children reported that 25(OH)D levels >75 nmol/LL were associ-
ated with improved gross motor ability compared to 25(OH)D
levels <50 nmol/L. at one year of age’’. However, a cohort
study in 401 Indian children reported no association between
vitamin D status measured at six to 30 months and motor devel-
opment at 12 to 36 months™. Another cohort study in 904
Indian children found that vitamin D status measured at six months
and at three to six years was not associated with gross motor
development at three to six years of age’. Likewise, two

Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

cross-sectional studies, one in 912 five-year-old Indian children
and another in 205 Bangladeshi infants aged six to eight months
reported no association with motor development™*>.

Language development

The association between maternal 25(OH)D levels and language
development was evaluated in six studies including a total of
4,128 mother-child pairs. Four studies, including a total of 2,986
mother-child pairs, reported a positive association between high
maternal 25(OH)D levels and improved language development,
while two other studies including 1,142 mother-child pairs reported
no association. A study of 1,020 American mother-child pairs
reported that maternal 25(OH)D levels 275 nmol/L were positively
associated with receptive language but not expressive language
in two-year-old children*. Likewise, a study of 886 Vietnamese
mother-child pairs reported that six-month-old infants born to
women with 25(OH)D levels <37.5 nmol/L had lower language
scores compared to those with 25(OH)D levels >75 nmol/L*.
Similarly, in a study involving 743 mother-child pairs, children
of mothers with 25(OH)D levels <46 nmol/L were almost two
times more likely to have language impairment compared to those
of women with 25(OH)D levels >72 nmol/L at two years of
age”. In another study of 337 Australian mother-child pairs, higher
cord blood 25(OH)D levels were associated with an increase
in mean language scores at 18 months and four years'.
However, two studies of 1,142 mother-child pairs reported no
association between vitamin D status and language development
in children aged five to 14 years™-*. A single cross-sectional study
in 205 Bangladeshi infants aged six to eight months reported a
positive association between 25(OH)D levels >50 nmol/L in
children and language development compared to levels <50
nmol/L>°.

Behavioural development

The association between maternal 25(OH)D levels and behav-
ioural development was evaluated in 11 mother-child studies.
Four mother-child studies (n=7,770) reported an association
between high 25(OH)D levels during pregnancy and improved
behavioural development in children; however, eight stud-
ies (n=10,149) found no association. A large study of 7,065
mother-child pairs in the UK reported an increasing trend of social
development scores with increasing maternal 25(OH)D levels in
children at 42 months of age®’. Another study of 487 mother-child
pairs in Greece reported that maternal 25(OH)D levels
>50.7 nmol/l were associated with better behavioural scores
compared to 25(OH)D levels <38.4 nmol/I*. Likewise, a study
of 218 mother-child pairs in the USA reported that low mater-
nal 25(OH)D levels (unspecified values) were associated with
impaired behavioural development among white and Hispanic,
but not black, infants at one to two years of age*. A study of
2,107 mother-child pairs reported a positive association between
maternal 25(OH)D levels >75 nmol/L and improved social
competence scores compared to levels <50 nmol/L; however,
they found little association between maternal 25(OH)D levels
and total behavioural problems*. Two large mother-child studies
in the USA (n=3,896) and China (n=1,244) found no associa-
tion between maternal 25(OH)D levels and behaviour in children
aged two to 18 years®™". Two other studies of 1,080
mother-child pairs in Australia reported no association between
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maternal 25(OH)D levels and behaviour in 18-24 month-old
children**. Likewise, three mother-child studies in Vietnam
(n=886), Ireland (n=734) and Seychelles (n=202) reported
no association between maternal 25(OH)D levels and behaviour
in children aged six months to five years®**%.

Three studies measured both 25(OH)D levels and behavioural
development in children. A cohort study of 254 Ugandan chil-
dren found an association between 25(OH)D levels <50 nmol/L at
enrollment, at six to 10 years of age, and poor behavioural
outcomes measured at enrollment, and at six and 12 months after
enrollment, among children who were perinatally exposed to
HIV but were uninfected and unexposed HIV negative chil-
dren’'. A cross-sectional study of 401 Indian children found that
children with 25(OH)D levels <25 nmol/L had lower scores on the
personal-social sub-scale at six to 36 months™, and a cross-
sectional study in 205 Bangladeshi children aged six to eight
months reported an association between 25(OH)D levels
<50 nmol/L and impaired parent-reported behaviour®’.

School achievement

Two mother-child studies and two cross-sectional studies evalu-
ated the effect of vitamin D status on school achievement. The
two mother-child studies, including a total of 4,694 mother-child
pairs, observed no association between maternal vitamin
D status and children’s educational achievement’*. The two
cross-sectional studies reported conflicting findings. A study
of 45 Egyptian children reported that 25(OH)D levels between
37.5 and 77.5 nmol/L were associated with improved school
achievement compared to 25(OH)D levels <27.5 nmol/L*,
while a study of 1,370 Kuwaiti adolescents reported no
association between vitamin D status and school achievement™.

Studies that assessed neurobehavioural outcomes during
infancy

Six observational studies assessed neurobehavioural outcomes
during infancy and of these studies, five reported associations
between maternal or child 25(OH)D levels and neurobehavioural
outcomes, while one study reported no associations. In contrast,
24 studies assessed neurobehavioural outcomes in children
above one year of age and of these, 11 studies reported
associations between maternal or child 25(OH)D levels and neu-
robehavioural outcomes, while 13 studies reported no associations.

Comparing findings based on the timing, assays and cut-
offs for 25(OH)D levels and neuroassessment tools

Six out of eight studies that measured maternal 25(OH)D lev-
els in the 1 or 2™ trimester reported associations with neurobe-
havioural outcomes in contrast to three out of eight studies that
measured 25(OH)D levels in the 3" trimester or in cord blood.
Three out of seven studies that measured 25(OH)D levels in
infancy and two out five studies that measured levels in chil-
dren above one year reported associations with neurobehavioural
outcomes (Table 1). The most commonly used assay for measur-
ing 25(OH)D levels was liquid chromatography-tandem mass
spectroscopy (LC-MS/MS) (Table 1) with four out of 11 studies
that used LC-MS/MS reporting associations between maternal
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or child 25(OH)D levels and neurobehavioral outcomes, while
13 out of 20 studies that used other assays reported associations.
The majority of studies (n=15) defined vitamin D deficiency
as 25(OH)D levels <50 nmol/L and six of these studies reported
associations with neurobehavioural outcomes. Six studies
defined vitamin D deficiency as 25(OH)D levels <30 nmol/L or
<25 nmol/L and of these two reported associations with neu-
robehavioural outcomes (Table 1). The most common tool used
to assess neurobehavioural outcomes was the Bayley Scales of
Infant Development (BSID) and six out of eight studies that used
the BSID reported associations between 25(OH)D levels and
neurobehavioural outcomes (Table 1).

Discussion

In this systematic review, we found inconclusive evidence for
the effects of maternal or child vitamin D status on neurobehav-
ioural outcomes in children below 18 years of age. A small RCT
(n=55) reported that infants given lower vitamin D doses had
improved motor development compared to those given higher
vitamin D doses suggesting that higher doses of vitamin D might
impair motor development. Similarly, evidence from observa-
tional studies was conflicting. Twelve studies of 17,136 mother-
child pairs and five studies in of 1,091 children reported an
association between low maternal or child 25(OH)D and
impaired neurobehavioural outcomes in children. However, 15
studies of 20,778 mother-child pairs and eight studies of 7,496
children found no association between vitamin D status and
neurobehavioural outcomes.

We found conflicting evidence for the effects of vitamin D status
on cognitive development. Overall, we found little evidence for
a detrimental effect of low maternal or child 25(OH)D levels
on cognitive development. Lack of association might be explained
by the adequate baseline levels of 25(OH)D observed in some
of the study populations. Of the 17 observational studies
that reported no association, 11 observed maternal or child
mean or median (25(OH)D levels >50 nmol/L), while four of the
five studies that reported an association observed sub-optimal
25(OH)D levels (mean or median levels <50 nmol/L). Also, it
is possible that some of the neurodevelopmental assessment
tools were not sensitive enough to detect subtle effects of
vitamin D on cognition. For example, Tylavsky er al. suggest
that the Bailey Scales of Infant Development used in their study
could have failed to detect small changes in recognition mem-
ory, symbolic play, acuity, or information processing speed*.
Although there is little evidence in humans, animal and in vitro
studies suggest that vitamin D influences cognitive develop-
ment*°, In vitro studies show that vitamin D receptors and cyto-
chrome enzymes responsible for vitamin D metabolism are present
in the cortex and other parts of the brain involved in cognition''.
Additionally, vitamin D in its active form (1,25(OH),D) influ-
ences cytokine production which may affect neurotransmission
and synaptic plasticity, in turn altering learning processes and
cognition as observed in rats®'.

Similarly, findings for an effect of vitamin D status on motor
development were mixed. More mother-child studies indicated
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adverse effects for lower maternal 25(OH)D levels on motor devel-
opment compared to cross-sectional studies in children. Only
one cross-sectional study reported an association between lower
25(OH)D levels in children and motor development but these find-
ings were unadjusted for potential confounders”’. Three of the
four studies that reported no association between child vitamin
D status and motor function used the Ages and Stages Question-
naire-3 to assess gross motor development*>><. This tool was
designed to diagnose children with developmental abnormalities
and may not be sensitive enough to detect small changes in
motor function”. How might maternal vitamin D status affect
motor development? Maternal vitamin D deficiency has been
associated with congenital rickets with apparent foetal bone
disease and impaired bone quality postnatally®. One study
reported an inverted u-shaped association so that both lower
(5.56 to 20.8 nmol/L) and higher (51.3 to 111 nmol/L) maternal
25(0OH)D levels were associated with impaired motor develop-
ment in children®. This finding is supported by a small vitamin
D supplementation trial in 55 infants, which found that a lower
dose of vitamin D supplementation might be more beneficial
for gross motor function compared to higher doses of vitamin
D*. However, the findings of this trial may be limited by the lack
of a control arm that did not receive vitamin D supplementation.
It is possible that excess levels of vitamin D may result in toxic
and pro-inflammatory effects which could lead to impaired motor
development®® and that an optimal 25(OH)D level may be
required. Vitamin D status might also influence motor
development through its role in neurotransmission through the
dopaminergic system. Data from animal studies show that vita-
min D deficiency is associated with alterations in the synthesis
and turnover of dopamine, norepinephrine and dihydroxyphe-
nylacetic acid in rats?™*®” and ventral midbrain dopaminergic
neurons have been shown to play a crucial role in the regulation

of motor processes®.

We found evidence for associations between low vitamin D
status and impaired language development in four out of six
mother-child studies. In one study, impairment of language
development was only observed when 25(OH)D levels fell below
37.5 nmol/L in late pregnancy, suggesting that language impair-
ment is a feature of advanced vitamin D deficiency rather than
insufficiency®. However, two mother-child studies (n=1,142)
reported no association between maternal vitamin D status
and language scores in adolescence, but these studies did not
account for the vitamin D status of the adolescents, and it is
possible that detrimental effects may have been evident ear-
lier in life, but not in adolescence®. A possible mechanism
for the observed association could be that in utero exposure to
low vitamin D concentrations during the second and third tri-
mesters may affect the development of the perisylvian structures,
which are responsible for language development in children as
reported in structural neuroimaging studies’"*®. Additionally,
maternal vitamin D deficiency has been shown to alter the
brain structure and genes that are involved in neuronal survival
and speech and language development (brain-derived neuro-
trophic factor (Bdnf) and forkhead box protein P2 (Foxp2) genes,
respectively) in mice”.
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We found mixed evidence for the effect of vitamin D deficiency
on behaviour in children. Eight of 11 mother-child studies reported
no association between maternal vitamin D status and behav-
iour. Of these studies, four relied on parent-reported behaviours
only, which might be prone to bias, and only three relied on
psychologist assessments or well-validated tools in evaluating
behaviour. Additionally, it might be difficult to estimate the
effect of maternal vitamin D status on behavioural outcomes in
childhood since a wide variety of maternal, environmental and
genetic risk factors may cause confounding. Animal and in vitro
studies suggest that vitamin D status might influence behav-
iour possibly via the anti-inflammatory effects of vitamin D,
which protect against maternal immune activation, which may
affect foetal brain development and behavioural manifesta-
tions®”. Additionally, vitamin D deficiency is associated with
alterations in the synthesis of serotonin, a neurotransmitter
that is important for behavioural outcomes.

There may be many explanations for our findings of inconsist-
ent evidence for the effects of hypovitaminosis D on child devel-
opment. There were substantial differences in study design
between studies with some assessing maternal and some chil-
dren’s vitamin D status in relation to child development. Studies
also had different inclusion criteria and definitions for vitamin D
status and were also adjusted for different confounding variables.
Serum or plasma 25(OH)D levels were quantified using a vari-
ety of routinely available assays with most studies using the gold
standard of liquid chromatography—tandem mass spectrometry(LC-
MS/MS). There was little difference in neurobehavioral
outcomes in studies that used LC-MS/MS and studies that used
other assays to measure 25(OH)D levels. The lack of standard-
ized assays may result in large inter-method variability and errors
limiting comparability between studies’’. Secondly, vitamin D
status was measured at varying gestational ages in mothers and
different ages in the children. Several studies that measured
maternal 25(OH)D in the 1% or 2" trimester, rather than the
3 trimester or in cord blood, reported associations between
low maternal 25(OH)D and low developmental scores in the
children*-!-* , which might suggest a critical window for the
impact of low 25(OH)D levels earlier in pregnancy when there
is rapid brain development””. There was little difference when
comparing findings between studies that measured 25(OH)D lev-
els during or after infancy. In addition, studies suggest that there
might be optimal levels of vitamin D required for development
with higher levels also being associated with impaired develop-
ment*’*, Thirdly, the timing and tools used to assess neurobehav-
ioural outcomes varied markedly between studies. The majority of
studies that assessed neurobehavioural outcomes during infancy
reported associations between maternal or child 25(OH)D
levels and neurobehavioral outcomes compared to fewer than half
of studies that assessed neurobehavioural outcomes after infancy.
Putative effects might be more likely to be detected in earlier
years of life and may also be influenced by 25(OH)D levels through-
out childhood. Most studies used the Bayley Scales of Infant
Development to assess neurobehavioral outcomes in chil-
dren, with more than half of these studies reporting associations
between 25(OH)D levels and neurobehavioral outcomes. However,
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comparisons based on the neuroassessment tools were limited as
most studies used several tools to assess different neurobehav-
ioural outcomes. Studies that measured 25(OH)D levels during
pregnancy and child development did not account for the vita-
min D status of children at the time of neuroassessment, which
may also have influenced neurobehavioural outcomes. The appli-
cation of findings from experimental studies to human beings
may also be limited. For instance, animal experiments can cre-
ate conditions of extremely low 25(OH)D levels which may
not normally be found in humans.

We identified two previous systematic reviews and one meta-
analysis of the effects of maternal vitamin D status on neurobe-
havioural outcomes in children. Consistent with our review, a
systematic review of maternal micronutrient status (vitamin D,
B12, iron and folate) and carbohydrate, protein and fat intake
during pregnancy and cognitive development in childhood found
limited and conflicting evidence for the effect of vitamin D status
on cognitive development’””. However, of 38 eligible studies, this
review included only three mother-child studies on vitamin D sta-
tus and cognitive development, also included in our review?>*.
Another systematic review also found contradictory evidence
for the effect of maternal vitamin D status during pregnancy on
neurobehavioural outcomes and neuropsychological disor-
ders in children™. This review included only 10 human studies,
four of which evaluated neuropsychological disorders and six
neurobehavioural outcomes, but cognition, motor, language
and behavioural outcomes were not evaluated’’. Another sys-
tematic review and meta-analysis of the neurodevelopmental
effects of prenatal vitamin D reported an association between
increased maternal 25(OH)D levels and improved cognition and
reduced risk of autism and attention deficit and hyperac-
tivity disorder (ADHD)”. Unlike our review, they did not
include studies that measured vitamin D status of children.
Additionally, the findings of the meta-analysis may be lim-
ited by the different definitions for vitamin D status used
across the included studies’.

Strengths and limitations

A key strength of our review is that it was very comprehensive,
since we searched seven databases without geographic location,
date or language limitations. We included one randomized con-
trolled trial and observational studies assessing the effects of
maternal and child vitamin D status on neurobehavioural outcomes.
Also, we included children up to the age of 18 years, hence cap-
turing child development through to adulthood. There were sev-
eral limitations in this review. We found substantial heterogeneity
in study populations and study methods including timing of
vitamin D measurements, definitions for vitamin D status and
tools used to measure neurobehavioural outcomes which made
comparison of the studies difficult and precluded a quantitative
meta-analysis of the studies. However, we did not observe marked
differences when comparing findings in studies that defined vita-
min D deficiency as 25(OH)D levels <50 nmol/L. with those that
defined vitamin D deficiency as 25(OH)D levels <30 nmol/L or
<25 nmol/L. There was only one small vitamin D supplementation
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trial and few studies measured 25(OH)D levels in children. We
identified another small RCT (n=70) in the USA which reported
no beneficial effect of vitamin D supplementation on cognition
at two years of age’, but we excluded this study as it included
extremely preterm neonates, who are at a higher risk of neurodevel-
opmental delays compared to children born at full term’. We also
found a relatively small number of studies from low-income
countries. Evidence for the effects of vitamin D deficiency on
neurobehavioural outcomes from studies in high-income countries
might not be generalizable to low-income settings, where impaired
child development may be more common, and confounding
effects might also differ between these settings. Additionally,
isolating the effect of vitamin D on neurobehavioural outcomes
may be limited by confounding factors. We excluded two rand-
omized controlled trials that did not evaluate the effect of vitamin
D separately from other micronutrients’”’®, Moreover, although
most of the observational studies adjusted for measured confound-
ers, evidence may still be subject to residual confounding from
unmeasured factors, such as dietary intake of other micro
and macronutrients.

Conclusion

Evidence as to whether prenatal or childhood vitamin D sta-
tus affects neurobehavioural outcomes in children is limited and
inconsistent and further investigation is warranted. For instance,
standardized cut-offs for assessing vitamin D deficiency, as
well as well-validated and standardized methods of assessing
neurobehavioural outcomes would be useful to allow compari-
son among studies globally. Well-powered randomized controlled
trials are required to determine whether vitamin D is beneficial
for brain development in children and for optimal dosage and
timing of vitamin D supplementation.
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Underlying data

All data underlying the results are available as part of the article
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Extended data

Figshare: Effects of vitamin D deficiency on neurobehavioural
outcomes in children: a systematic review-supplementary files.
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Reporting guidelines
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Page 16 of 27


https://doi.org/10.6084/m9.figshare.11799063.v8
https://doi.org/10.6084/m9.figshare.11799063.v8
https://doi.org/10.6084/m9.figshare.11799063.v8


Data are available under the terms of the Creative Commons
Attribution 4.0 International license (CC-BY 4.0).

Author information

AMM, SHA and AA conceived the idea of the review and devel-
oped the protocol. AMM conducted the literature search, selected
studies and extracted relevant information with the guidance
of SHA, RMM and AA. AMM, SHA and AA synthesized the
data and wrote the first draft of the manuscript. AMM, SHA, AA,

References

Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

RMM, ELW, TNW and AME revised successive drafts of the
paper and approved the final version.

Acknowledgments

We thank Professor John M Pettifor of the South African Medi-
cal Research Council and Wits Developmental Pathways for
Health Research Unit for his insightful comments towards this
work. We are grateful to Alex Maina for his help in retrieving the
study articles. This manuscript was submitted for publication with
the permission of the Director of the Kenya Medical Research
Institute (KEMRI).

1. Global Research on Developmental Disabilities Collaborators: Developmental
disabilities among children younger than 5 years in 195 countries and
territories, 1990-2016: a systematic analysis for the Global Burden of Disease
Study 2016. Lancet Glob Health. 2018; 6(10): e1100—-e1121.

PubMed Abstract | Publisher Full Text | Free Full Text

2. McCoy DC, Peet ED, Ezzati M, et al.: Early Childhood Developmental Status in
Low- and Middle-Income Countries: National, Regional, and Global Prevalence
Estimates Using Predictive Modeling. PLoS Med. 2016; 13(6): €1002034.
PubMed Abstract | Publisher Full Text | Free Full Text

3. Grantham-McGregor S, Cheung YB, Cueto S, et al.: Developmental potential in
the first 5 years for children in developing countries. Lancet. 2007; 369(9555):
60-70.

PubMed Abstract | Publisher Full Text | Free Full Text

4. Black MM: Micronutrient deficiencies and cognitive functioning. J Nutr. 2003;
133(11 Suppl 2): 3927S-3931S.
PubMed Abstract | Publisher Full Text | Free Full Text

5. Bischoff-Ferrari HA, Giovannucci E, Willett WC, et al.: Estimation of optimal
serum concentrations of 25-hydroxyvitamin D for multiple health outcomes.
Am J Clin Nutr. 2006; 84(1): 18-28.
PubMed Abstract | Publisher Full Text

6. Holick MF: High prevalence of vitamin D inadequacy and implications for
health. Mayo Clin Proc. Elsevier. 2006; 81(3): 353-373.
PubMed Abstract | Publisher Full Text

7. Hilger J, Friedel A, Herr R, et al.: A systematic review of vitamin D status in
populations worldwide. Br J Nutr. 2014; 111(1): 23-45.
PubMed Abstract | Publisher Full Text

8. Roth DE, Abrams SA, Aloia J, et al.: Global prevalence and disease burden
of vitamin D deficiency: a roadmap for action in low- and middle-income
countries. Ann N'Y Acad Sci. 2018; 1430(1): 44-79.

PubMed Abstract | Publisher Full Text

9. Mogire RM, Mutua A, Kimita W, et al.: Prevalence of vitamin D deficiency in
Africa: a systematic review and meta-analysis. Lancet Glob Health. 2019; 8(1):
e134-e142.

PubMed Abstract | Publisher Full Text

10.  Schwarzenberg SJ, Georgieff MK, COMMITTEE ON NUTRITION: Advocacy for
Improving Nutrition in the First 1000 Days to Support Childhood Development
and Adult Health. Pediatrics. 2018; 141(2): pii: €20173716.

PubMed Abstract | Publisher Full Text

11.  Eyles DW, Smith S, Kinobe R, et al.: Distribution of the vitamin D receptor and
1 alpha-hydroxylase in human brain. J Chem Neuroanat. 2005; 29(1): 21-30.
PubMed Abstract | Publisher Full Text

12.  Garcion E, Wion-Barbot N, Montero-Menei CN, et al.: New clues about vitamin D
functions in the nervous system. Trends Endocrinol Metab. 2002; 13(3): 100-105.
PubMed Abstract | Publisher Full Text

13.  Marini F, Bartoccini E, Cascianelli G, et al.: Effect of 1alpha,25-dihydroxyvitamin
D3 in embryonic hippocampal cells. Hippocampus. 2010; 20(6): 696—-705.
PubMed Abstract | Publisher Full Text

14.  Eyles D, Burne T, McGrath J: Vitamin D in fetal brain development. Semin Cell
Dev Biol. Elsevier. 2011; 22(6): 629-636.

PubMed Abstract | Publisher Full Text

15.  Ibi M, Sawada H, Nakanishi M, et al.: Protective effects of 1 alpha,25-(OH),D,
against the neurotoxicity of glutamate and reactive oxygen species in
mesencephalic culture. Neuropharmacology. 2001; 40(6): 761-771.

PubMed Abstract | Publisher Full Text

16.  Garcion E, Sindji L, Montero-Menei C, et al.: Expression of inducible nitric oxide
synthase during rat brain inflammation: regulation by 1,25-dihydroxyvitamin
D3. Glia. 1998; 22(3): 282-294.
PubMed Abstract | Publisher Full Text

17.  Moher D, Liberati A, Tetzlaff J, et al.: Preferred reporting items for systematic
reviews and meta-analyses: the PRISMA statement. Ann Intern Med. 2009;
151(4): 264-9.

PubMed Abstract | Publisher Full Text

18.  Mutua MA, Mogire MR, Elliott MA, et al.: Effects of vitamin D deficiency on
neurobehavioural outcomes in children: a sy ic review-supplementary
files. figshare. 2020.
http://www.doi.org/10.6084/m9.figshare.11799063.v8

19.  Akers J: Systematic reviews: CRD’s guidance for undertaking reviews in health
care. University of York, Centre for Reviews & Dissemination. 2009.
Reference Source

20. Hawes JE, Tesic D, Whitehouse AJ, et al.: Maternal vitamin D deficiency alters
fetal brain development in the BALB/c mouse. Behav Brain Res. 2015; 286:
192-200.

PubMed Abstract | Publisher Full Text

21.  Webster RI, Shevell MI: Neurobiology of specific language impairment. J Child
Neurol. 2004; 19(7): 471-481.

PubMed Abstract | Publisher Full Text

22.  Annweiler C, Schott AM, Berrut G, et al.: Vitamin D and ageing: neurological
issues. Neuropsychobiology. 2010; 62(3): 139—150.

PubMed Abstract | Publisher Full Text

23. Clinical practice guidelines for vitamin D deficiency.
Reference Source

24. Cochrane handbook for systematic reviews of interventions. In www.
cochranehandbook.org, T.J. Higgins JPT, Chandler J, Cumpston M, Li T, Page
MJ, Welch VA Editor. 2011.
Reference Source

25. von EIm E, Altman DG, Egger M, et al.: The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Statement: guidelines for
reporting observational studies. Int J Surg. 2014; 12(12): 1495-1499.
PubMed Abstract | Publisher Full Text

26. Salas AA, Woodfin T, Phillips V, et al.: Dose-response effects of early vitamin
D supplementation on neurodevelopmental and respiratory outcomes of
extremely preterm infants at 2 years of age: A randomized trial. Neonatology.
2018; 113(3): 256-262.

PubMed Abstract | Publisher Full Text | Free Full Text

27. Tavakolizadeh R, Ardalani M, Shariatpanahi G, et al.: Is There Any Relationship
between Vitamin D Deficiency and Gross Motor Development in12-Month-Old
Children? Iran J Child Neurol. 2019; 13(3): 55-60.

PubMed Abstract | Free Full Text

28. Keim SA, Bodnar LM, Klebanoff MA: Maternal and cord blood 25(0OH)-vitamin D
concentrations in relation to child development and behaviour. Paediatr Perinat
Epidemiol. 2014; 28(5): 434-444.

PubMed Abstract | Publisher Full Text | Free Full Text

29. Morales E, Guxens M, Llop S, et al.: Circulating 25-hydroxyvitamin D, in
pregnancy and infant neuropsychological development. Pediatrics. 2012;
130(4): €913-20.

PubMed Abstract | Publisher Full Text

30. Zhu P, Tong SL, Hao JH, et al.: Cord blood vitamin D and neurocognitive
development are nonlinearly related in toddlers. J Nutr. 2015; 145(6):
1232-1238.

PubMed Abstract | Publisher Full Text

31. ChiMZ, Zhu L, Zhang ZL, et al.: The Relationship between Maternal Serum
Vitamin D Levels and Infant Neurodevelopment and Anthropometry: A
Prospective Observational Study. J Nutr Sci Vitaminol (Tokyo). 2018; 64(2):
161-167.

PubMed Abstract | Publisher Full Text

32. Darling AL, Rayman MP, Steer CD, et al.: Association between maternal vitamin

Page 17 of 27


https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode
http://www.ncbi.nlm.nih.gov/pubmed/30172774
http://dx.doi.org/10.1016/S2214-109X(18)30309-7
http://www.ncbi.nlm.nih.gov/pmc/articles/6139259
http://www.ncbi.nlm.nih.gov/pubmed/27270467
http://dx.doi.org/10.1371/journal.pmed.1002034
http://www.ncbi.nlm.nih.gov/pmc/articles/4896459
http://www.ncbi.nlm.nih.gov/pubmed/17208643
http://dx.doi.org/10.1016/S0140-6736(07)60032-4
http://www.ncbi.nlm.nih.gov/pmc/articles/2270351
http://www.ncbi.nlm.nih.gov/pubmed/14672291
http://dx.doi.org/10.1093/jn/133.11.3927S
http://www.ncbi.nlm.nih.gov/pmc/articles/3140638
http://www.ncbi.nlm.nih.gov/pubmed/16825677
http://dx.doi.org/10.1093/ajcn/84.1.18
http://www.ncbi.nlm.nih.gov/pubmed/16529140
http://dx.doi.org/10.4065/81.3.353
http://www.ncbi.nlm.nih.gov/pubmed/23930771
http://dx.doi.org/10.1017/S0007114513001840
http://www.ncbi.nlm.nih.gov/pubmed/30225965
http://dx.doi.org/10.1111/nyas.13968
http://www.ncbi.nlm.nih.gov/pubmed/31786117
http://dx.doi.org/10.1016/S2214-109X(19)30457-7
http://www.ncbi.nlm.nih.gov/pubmed/29358479
http://dx.doi.org/10.1542/peds.2017-3716
http://www.ncbi.nlm.nih.gov/pubmed/15589699
http://dx.doi.org/10.1016/j.jchemneu.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/11893522
http://dx.doi.org/10.1016/s1043-2760(01)00547-1
http://www.ncbi.nlm.nih.gov/pubmed/19603526
http://dx.doi.org/10.1002/hipo.20670
http://www.ncbi.nlm.nih.gov/pubmed/21664981
http://dx.doi.org/10.1016/j.semcdb.2011.05.004
http://www.ncbi.nlm.nih.gov/pubmed/11369030
http://dx.doi.org/10.1016/s0028-3908(01)00009-0
http://www.ncbi.nlm.nih.gov/pubmed/9482214
http://dx.doi.org/10.1002/(sici)1098-1136(199803)22:3<282::aid-glia7>3.0.co;2-7
http://www.ncbi.nlm.nih.gov/pubmed/19622511
http://dx.doi.org/10.7326/0003-4819-151-4-200908180-00135
http://www.doi.org/10.6084/m9.figshare.11799063.v8
https://www.york.ac.uk/media/crd/Systematic_Reviews.pdf
http://www.ncbi.nlm.nih.gov/pubmed/25753408
http://dx.doi.org/10.1016/j.bbr.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/15526950
http://dx.doi.org/10.1177/08830738040190070101
http://www.ncbi.nlm.nih.gov/pubmed/20628264
http://dx.doi.org/10.1159/000318570
https://www.healio.com/endocrinology/practice-management/news/online/{f7557f26-0d85-4ec8-a33a-ef05f41e0e94}/endocrine-society-publishes-clinical-practice-guidelines-for-vitamin-d-deficiency
http://www.cochranehandbook.org/
http://www.cochranehandbook.org/
https://handbook-5-1.cochrane.org/
http://www.ncbi.nlm.nih.gov/pubmed/25046131
http://dx.doi.org/10.1016/j.ijsu.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/29393233
http://dx.doi.org/10.1159/000484399
http://www.ncbi.nlm.nih.gov/pmc/articles/5860938
http://www.ncbi.nlm.nih.gov/pubmed/31327969
http://www.ncbi.nlm.nih.gov/pmc/articles/6586450
http://www.ncbi.nlm.nih.gov/pubmed/24938425
http://dx.doi.org/10.1111/ppe.12135
http://www.ncbi.nlm.nih.gov/pmc/articles/4196708
http://www.ncbi.nlm.nih.gov/pubmed/22987876
http://dx.doi.org/10.1542/peds.2011-3289
http://www.ncbi.nlm.nih.gov/pubmed/25878203
http://dx.doi.org/10.3945/jn.114.208801
http://www.ncbi.nlm.nih.gov/pubmed/29710034
http://dx.doi.org/10.3177/jnsv.64.161

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

D status in pregnancy and neurodevelopmental outcomes in childhood:
results from the Avon Longitudinal Study of Parents and Children (ALSPAC).
BrJ Nutr. 2017; 117(12): 1682—-1692.

PubMed Abstract | Publisher Full Text | Free Full Text

Wang H, Yu XD, Huang LS, et al.: Fetal vitamin D concentration and growth,
adiposity and neurodevelopment during infancy. Eur J Clin Nutr. 2018; 72(10):
1396-14083.

PubMed Abstract | Publisher Full Text

Tylavsky FA, Kocak M, Murphy LE, et al.: Gestational Vitamin 25(OH)D Status as
a Risk Factor for Receptive Language Development: A 24-Month, Longitudinal,
Observational Study. Nutrients. 2015; 7(12): 9918-9930.

PubMed Abstract | Publisher Full Text | Free Full Text

Veena SR, Krishnaveni GV, Srinivasan K, et al.: Association between maternal
vitamin D status during pregnancy and offspring cognitive function during
childhood and adolescence. Asia Pac J Clin Nutr. 2017; 26(3): 438—-449.
PubMed Abstract | Publisher Full Text | Free Full Text

Hanieh S, Ha TT, Simpson JA, et al.: Maternal vitamin D status and infant
outcomes in rural Vietnam: a prospective cohort study. PLoS One. 2014; 9(6):
€99005.

PubMed Abstract | Publisher Full Text | Free Full Text

Dhamayanti M, Noviandhari A, Supriadi S, et al.: Association of maternal vitamin
D deficiency and infants’ neurodevelopmental status: A cohort study on
vitamin D and its impact during pregnancy and childhood in Indonesia. J
Paediatr Child Health. 2019; 56(1): 16-21.

PubMed Abstract | Publisher Full Text

McCarthy EK, Murray DM, Malvisi L, et al.: Antenatal Vitamin D Status Is Not
Associated with Standard Neurodevelopmental Assessments at Age 5 Years in
a Well-Characterized Prospective Maternal-Infant Cohort. J Nutr. 2018; 148(10):
1580-1586.

PubMed Abstract | Publisher Full Text

Laird E, Thurston SW, van Wijngaarden E, et al.: Maternal Vitamin D Status
and the Relationship with Neonatal Anthropometric and Childhood
Neurodevelopmental Outcomes: Results from the Seychelles Child
Development Nutrition Study. Nutrients. 2017; 9(11): 1235.

PubMed Abstract | Publisher Full Text | Free Full Text

Daraki V, Roumeliotaki T, Koutra K, et al.: High maternal vitamin D levels in early
pregnancy may protect against behavioral difficulties at preschool age: the
Rhea mother—child cohort, Crete, Greece. Eur Child Adolesc Psychiatry. 2018;
27(1): 79-88.

PubMed Abstract | Publisher Full Text

Gould JF, Anderson AJ, Yelland LN, et al.: Association of cord blood vitamin D
with early childhood growth and neurodevelopment. J Paediatr Child Health.
2017; 53(1): 75-83.

PubMed Abstract | Publisher Full Text

Gale CR, Robinson SM, Harvey NC, et al.: Maternal vitamin D status during
pregnancy and child outcomes. Eur J Clin Nutr. 2008; 62(1): 68-77.

PubMed Abstract | Publisher Full Text | Free Full Text

Nassar MF, Amin DA, Hamed Al, et al.: Vitamin D status and scholastic
achievement in middle age childhood. J Egypt Soc Parasitol. 2012; 42(2): 349—
58.

PubMed Abstract | Publisher Full Text

Chowdhury R, Taneja S, Bhandari N, et al.: Vitamin-D status and
neurodevelopment and growth in young north Indian children: a secondary
data analysis. Nutr J. 2017; 16(1): 59.

PubMed Abstract | Publisher Full Text | Free Full Text

Wicklow B, Gallo S, Majnemer A, et al.: Impact of Vitamin D Supplementation
on Gross Motor Development of Healthy Term Infants: A Randomized Dose-
Response Trial. Phys Occup Ther Pediatr. 2016; 36(3): 330—-342.

PubMed Abstract | Publisher Full Text

Lopez-Vicente M, Sunyer J, Lertxundi N, et al.: Maternal circulating Vitamin D,
levels during pregnancy and behaviour across childhood. Sci Rep. 2019; 9(1):
14792.

PubMed Abstract | Publisher Full Text | Free Full Text

Chawla D, Fuemmeler B, Benjamin-Neelon SE, et al.: Early prenatal vitamin D
concentrations and social-emotional development in infants. J Matern Fetal
Med. 2019; 32(9): 1441-1448.

PubMed Abstract | Publisher Full Text | Free Full Text

Strom M, Halldorsson Tl, Hansen S, et al.: Vitamin D measured in maternal
serum and offspring neurodevelopmental outcomes: a prospective study with
long-term follow-up. Ann Nutr Metab. 2014; 64(3—4): 254—261.

PubMed Abstract | Publisher Full Text

Whitehouse AJ, Holt BJ, Serralha M, et al.: Maternal serum vitamin D levels
during pregnancy and offspring neurocognitive development. Pediatrics. 2012;
129(3): 485-93.

PubMed Abstract | Publisher Full Text

Tofail F, Islam MM, Mahfuz M, et al.: Association of vitamin D nutrition with
neuro-developmental outcome of infants of slums in Bangladesh. PLoS One.
2019; 14(9): €0221805.

PubMed Abstract | Publisher Full Text | Free Full Text

Yakah W, Fenton JI, Sikorskii A, et al.: Serum Vitamin D is Differentially
Associated with Socioemotional Adjustment in Early School-Aged Ugandan
Children According to Perinatal HIV Status and In Utero/Peripartum
Antiretroviral Exposure History. Nutrients. 2019; 11(1-7): 1570.

PubMed Abstract | Publisher Full Text | Free Full Text

Windham GC, Pearl M, Anderson MC, et al.: Newborn vitamin D levels in relation

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

to autism spectrum disorders and intellectual disability: A case—control study
in California. Autism Res. 2019; 12(6): 989-998.
PubMed Abstract | Publisher Full Text | Free Full Text

Schmidt RJ, Niu Q, Eyles DW, et al.: Neonatal vitamin D status in relation to
autism spectrum disorder and developmental delay in the CHARGE case—
control study. Autism Res. 2019; 12(6): 976—988.

PubMed Abstract | Publisher Full Text | Free Full Text

Rahman A, Al-Taiar A, Shaban L, et al.: Plasma 25-Hydroxy Vitamin D Is Not
Associated with Either Cognitive Function or Academic Performance in
Adolescents. Nutrients. 2018; 10(9): 1197.

PubMed Abstract | Publisher Full Text | Free Full Text

Filteau S, Rehman AM, Yousafzai A, et al.: Associations of vitamin D status,
bone health and anthropometry, with gross motor development and
performance of school-aged Indian children who were born at term with low
birth weight. BMJ Open. 2016; 6(1): e009268.

PubMed Abstract | Publisher Full Text | Free Full Text

Trilok-Kumar G, Kaur M, Rehman AM, et al.: Effects of vitamin D
supplementation in infancy on growth, bone parameters, body composition
and gross motor development at age 3—- 6 years: follow-up of a randomized
controlled trial. Int J Epidemiol. 2015; 44(3): 894-905.

PubMed Abstract | Publisher Full Text

Tolppanen AM, Williams D, Lawlor DA: The association of circulating 25-
hydroxyvitamin D and calcium with cognitive performance in adolescents:
cross-sectional study using data from the third National Health and Nutrition
Examination Survey. Paediatr Perinat Epidemiol. 2011; 25(1): 67-74.

PubMed Abstract | Publisher Full Text

Fernandes de Abreu DA, Nivet E, Baril N, et al.: Developmental vitamin D
deficiency alters learning in C57BI/6J mice. Behav Brain Res. 2010; 208(2):
603-608.

PubMed Abstract | Publisher Full Text

Feron F, Burne TH, Brown J, et al.: Developmental Vitamin D, deficiency alters
the adult rat brain. Brain Res Bull. 2005; 65(2): 141—148.
PubMed Abstract | Publisher Full Text

Taghizadeh M, Talaei SA, Salami M: Vitamin D deficiency impairs spatial
learning in adult rats. /ran Biomed J. 2013; 17(1): 42—48.

PubMed Abstract | Publisher Full Text | Free Full Text

Becker A, Eyles DW, McGrath JJ, et al.: Transient prenatal vitamin D deficiency
is associated with subtle alterations in learning and memory functions in adult
rats. Behav Brain Res. 2005; 161(2): 306-312.

PubMed Abstract | Publisher Full Text

Squires J, Bricker D, Potter L: Revision of a parent-completed development
screening tool: Ages and Stages Questionnaires. J Pediatr Psychol. 1997; 22(3):
313-328.

PubMed Abstract | Publisher Full Text

Paterson CR, Ayoub D: Congenital rickets due to vitamin D deficiency in the
mothers. Clin Nutr. 2015; 34(5): 793-798.
PubMed Abstract | Publisher Full Text

Brewer LD, Thibault V, Chen KC, et al.: Vitamin D hormone confers
neuroprotection in parallel with downregulation of L-type calcium channel
expression in hippocampal neurons. J Neurosci. 2001; 21(1): 98-108.
PubMed Abstract | Publisher Full Text | Free Full Text

Mellenthin L, Wallaschofski H, Grotevendt A, et al.: Association between serum
vitamin D concentrations and inflammatory markers in the general adult
population. Metabolism. 2014; 63(8): 1056—1062.

PubMed Abstract | Publisher Full Text

Kesby JP, Cui X, Ko P, et al.: Developmental vitamin D deficiency alters
dopamine turnover in neonatal rat forebrain. Neurosci Lett. 2009; 461(2):
155—-158.

PubMed Abstract | Publisher Full Text

Baksi SN, Hughes MJ: Chronic vitamin D deficiency in the weanling rat alters
catecholamine metabolism in the cortex. Brain Res. 1982; 242(2): 387-390.
PubMed Abstract | Publisher Full Text

Binder JR, Frost JA, Hammeke TA, et al.: Human brain language areas identified
by functional magnetic resonance imaging. J Neurosci. 1997; 17(1): 353-362.
PubMed Abstract | Publisher Full Text | Free Full Text

Luan W, Hammond LA, Vuillermot S, et al.: Maternal Vitamin D Prevents
Abnormal Dopaminergic Development and Function in a Mouse Model of
Prenatal Inmune Activation. Sci Rep. 2018; 8(1): 9741.

PubMed Abstract | Publisher Full Text | Free Full Text

Cetin FH, Torun YT, Giiney E: The Role of Serotonin in Aggression and
Impulsiveness. In: Serotonin: A Chemical Messenger Between All Types of Living
Cells. 2017; 241.

Publisher Full Text

Roth HJ, Schmidt-Gayk H, Weber H, et al.: Accuracy and clinical implications of
seven 25-hydroxyvitamin D methods compared with liquid chromatography—
tandem mass spectrometry as a reference. Ann Clin Biochem. 2008; 45(Pt 2):
153-159.

PubMed Abstract | Publisher Full Text

Walker SP, Wachs TD, Grantham-McGregor S, et al.: Inequality in early
childhood: risk and protective factors for early child development. Lancet.
2011; 378(9799): 1325-1338.

PubMed Abstract | Publisher Full Text

Veena SR, Gale CR, Krishnaveni GV, et al.: Association between maternal
nutritional status in pregnancy and offspring cognitive function during
childhood and adolescence; a systematic review. BMC Pregnancy Childbirth.

Page 18 of 27


http://www.ncbi.nlm.nih.gov/pubmed/28697816
http://dx.doi.org/10.1017/S0007114517001398
http://www.ncbi.nlm.nih.gov/pmc/articles/5553108
http://www.ncbi.nlm.nih.gov/pubmed/29348623
http://dx.doi.org/10.1038/s41430-017-0075-9
http://www.ncbi.nlm.nih.gov/pubmed/26633480
http://dx.doi.org/10.3390/nu7125499
http://www.ncbi.nlm.nih.gov/pmc/articles/4690051
http://www.ncbi.nlm.nih.gov/pubmed/28429909
http://dx.doi.org/10.6133/apjcn.032016.07
http://www.ncbi.nlm.nih.gov/pmc/articles/5965666
http://www.ncbi.nlm.nih.gov/pubmed/24967813
http://dx.doi.org/10.1371/journal.pone.0099005
http://www.ncbi.nlm.nih.gov/pmc/articles/4072587
http://www.ncbi.nlm.nih.gov/pubmed/31062441
http://dx.doi.org/10.1111/jpc.14481
http://www.ncbi.nlm.nih.gov/pubmed/30169669
http://dx.doi.org/10.1093/jn/nxy150
http://www.ncbi.nlm.nih.gov/pubmed/29137132
http://dx.doi.org/10.3390/nu9111235
http://www.ncbi.nlm.nih.gov/pmc/articles/5707707
http://www.ncbi.nlm.nih.gov/pubmed/28685401
http://dx.doi.org/10.1007/s00787-017-1023-x
http://www.ncbi.nlm.nih.gov/pubmed/27566125
http://dx.doi.org/10.1111/jpc.13308
http://www.ncbi.nlm.nih.gov/pubmed/17311057
http://dx.doi.org/10.1038/sj.ejcn.1602680
http://www.ncbi.nlm.nih.gov/pmc/articles/2629513
http://www.ncbi.nlm.nih.gov/pubmed/23214213
http://dx.doi.org/10.12816/0006322
http://www.ncbi.nlm.nih.gov/pubmed/28923060
http://dx.doi.org/10.1186/s12937-017-0285-y
http://www.ncbi.nlm.nih.gov/pmc/articles/5604419
http://www.ncbi.nlm.nih.gov/pubmed/26325246
http://dx.doi.org/10.3109/01942638.2015.1050150
http://www.ncbi.nlm.nih.gov/pubmed/31616023
http://dx.doi.org/10.1038/s41598-019-51325-3
http://www.ncbi.nlm.nih.gov/pmc/articles/6794315
http://www.ncbi.nlm.nih.gov/pubmed/29157031
http://dx.doi.org/10.1080/14767058.2017.1408065
http://www.ncbi.nlm.nih.gov/pmc/articles/6129420
http://www.ncbi.nlm.nih.gov/pubmed/25300268
http://dx.doi.org/10.1159/000365030
http://www.ncbi.nlm.nih.gov/pubmed/22331333
http://dx.doi.org/10.1542/peds.2011-2644
http://www.ncbi.nlm.nih.gov/pubmed/31557172
http://dx.doi.org/10.1371/journal.pone.0221805
http://www.ncbi.nlm.nih.gov/pmc/articles/6762070
http://www.ncbi.nlm.nih.gov/pubmed/31336843
http://dx.doi.org/10.3390/nu11071570
http://www.ncbi.nlm.nih.gov/pmc/articles/6682989
http://www.ncbi.nlm.nih.gov/pubmed/30883046
http://dx.doi.org/10.1002/aur.2092
http://www.ncbi.nlm.nih.gov/pmc/articles/6546514
http://www.ncbi.nlm.nih.gov/pubmed/31094097
http://dx.doi.org/10.1002/aur.2118
http://www.ncbi.nlm.nih.gov/pmc/articles/6546420
http://www.ncbi.nlm.nih.gov/pubmed/30200421
http://dx.doi.org/10.3390/nu10091197
http://www.ncbi.nlm.nih.gov/pmc/articles/6165454
http://www.ncbi.nlm.nih.gov/pubmed/26747034
http://dx.doi.org/10.1136/bmjopen-2015-009268
http://www.ncbi.nlm.nih.gov/pmc/articles/4716145
http://www.ncbi.nlm.nih.gov/pubmed/26130740
http://dx.doi.org/10.1093/ije/dyv116
http://www.ncbi.nlm.nih.gov/pubmed/21133971
http://dx.doi.org/10.1111/j.1365-3016.2010.01171.x
http://www.ncbi.nlm.nih.gov/pubmed/20079764
http://dx.doi.org/10.1016/j.bbr.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15763180
http://dx.doi.org/10.1016/j.brainresbull.2004.12.007
http://www.ncbi.nlm.nih.gov/pubmed/23279834
http://dx.doi.org/10.6091/ibj.1061.2012
http://www.ncbi.nlm.nih.gov/pmc/articles/3600968
http://www.ncbi.nlm.nih.gov/pubmed/15922058
http://dx.doi.org/10.1016/j.bbr.2005.02.015
http://www.ncbi.nlm.nih.gov/pubmed/9212550
http://dx.doi.org/10.1093/jpepsy/22.3.313
http://www.ncbi.nlm.nih.gov/pubmed/25552383
http://dx.doi.org/10.1016/j.clnu.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/11150325
http://dx.doi.org/10.1523/JNEUROSCI.21-01-00098.2001
http://www.ncbi.nlm.nih.gov/pmc/articles/6762438
http://www.ncbi.nlm.nih.gov/pubmed/24928661
http://dx.doi.org/10.1016/j.metabol.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/19500655
http://dx.doi.org/10.1016/j.neulet.2009.05.070
http://www.ncbi.nlm.nih.gov/pubmed/6288172
http://dx.doi.org/10.1016/0006-8993(82)90331-6
http://www.ncbi.nlm.nih.gov/pubmed/8987760
http://dx.doi.org/10.1523/JNEUROSCI.17-01-00353.1997
http://www.ncbi.nlm.nih.gov/pmc/articles/6793702
http://www.ncbi.nlm.nih.gov/pubmed/29950608
http://dx.doi.org/10.1038/s41598-018-28090-w
http://www.ncbi.nlm.nih.gov/pmc/articles/6021387
http://dx.doi.org/10.5772/intechopen.68918
http://www.ncbi.nlm.nih.gov/pubmed/18325178
http://dx.doi.org/10.1258/acb.2007.007091
http://www.ncbi.nlm.nih.gov/pubmed/21944375
http://dx.doi.org/10.1016/S0140-6736(11)60555-2

74.

75.

76.

2016; 16: 220.
PubMed Abstract | Publisher Full Text | Free Full Text

Pet MA, Brouwer-Brolsma EM: The Impact of Maternal Vitamin D Status on 77.

Offspring Brain Development and Function: a Systematic Review. Adv Nutr.
2016; 7(4): 665—678.
PubMed Abstract | Publisher Full Text | Free Full Text

Garcia-Serna AM, Morales E: Neurodevelopmental effects of prenatal vitamin

D in humans: systematic review and meta-analysis. Mol Psychiatry. 2019; 1-14. 78.

PubMed Abstract | Publisher Full Text

Adams-Chapman I, Heyne RJ, DeMauro SB, et al.: Neurodevelopmental
impairment among extremely preterm infants in the neonatal research

Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

network. Pediatrics. 2018; 141(5): E20173091.
PubMed Abstract | Publisher Full Text | Free Full Text

Adu-Afarwuah S, Lartey A, Brown KH, et al.: Randomized comparison of 3 types
of micronutrient supplements for home fortification of complementary foods
in Ghana: effects on growth and motor development. Am J Clin Nutr. 2007;
86(2): 412-420.

PubMed Abstract | Publisher Full Text

Wang X, Hui Z, Dai X, et al.: Micronutrient-Fortified Milk and Academic
Performance among Chinese Middle School Students: A Cluster-Randomized
Controlled Trial. Nutrients. 2017; 9(9): E226.

PubMed Abstract | Publisher Full Text | Free Full Text

Page 19 of 27


http://www.ncbi.nlm.nih.gov/pubmed/27520466
http://dx.doi.org/10.1186/s12884-016-1011-z
http://www.ncbi.nlm.nih.gov/pmc/articles/4982007
http://www.ncbi.nlm.nih.gov/pubmed/27422502
http://dx.doi.org/10.3945/an.115.010330
http://www.ncbi.nlm.nih.gov/pmc/articles/4942857
http://www.ncbi.nlm.nih.gov/pubmed/30696940
http://dx.doi.org/10.1038/s41380-019-0357-9
http://www.ncbi.nlm.nih.gov/pubmed/29666163
http://dx.doi.org/10.1542/peds.2017-3091
http://www.ncbi.nlm.nih.gov/pmc/articles/5914487
http://www.ncbi.nlm.nih.gov/pubmed/17684213
http://dx.doi.org/10.1093/ajcn/86.2.412
http://www.ncbi.nlm.nih.gov/pubmed/28257107
http://dx.doi.org/10.3390/nu9030226
http://www.ncbi.nlm.nih.gov/pmc/articles/5372889

Wellcome Open Research Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

Open Peer Review

Current Peer Review Status: v Vv

Reviewer Report 12 June 2020

https://doi.org/10.21956/wellcomeopenres.17601.r39060

© 2020 Day A. This is an open access peer review report distributed under the terms of the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

v

Andrew S. Day
Department of Paediatrics, University of Otago, Christchurch, Christchurch, New Zealand

Thank you for revisions
Manuscript improved with revisions

Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Paediatric gastroenterology, with focus on IBD and the impact of vitamin D

I confirm that | have read this submission and believe that | have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 11 June 2020

https://doi.org/10.21956/wellcomeopenres.17601.r39061

© 2020 Kiely M. This is an open access peer review report distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

v

Mairead Kiely
Cork Centre for Vitamin D and Nutrition Research, School of Food and Nutritional Sciences and INFANT
Research Centre, University College Cork, Cork, Ireland

Thank you for your comprehensive responses. Approved.
Competing Interests: No competing interests were disclosed.

I confirm that | have read this submission and believe that | have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Page 20 of 27


https://doi.org/10.21956/wellcomeopenres.17601.r39060
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.21956/wellcomeopenres.17601.r39061
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-0973-808X

Wellcome Open Research Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

Reviewer Report 21 April 2020

https://doi.org/10.21956/wellcomeopenres.17243.r37928

© 2020 Kiely M. This is an open access peer review report distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

4

Mairead Kiely
Cork Centre for Vitamin D and Nutrition Research, School of Food and Nutritional Sciences and INFANT
Research Centre, University College Cork, Cork, Ireland

This is a comprehensive SLR of vitamin D status and neurological development in children.

The review includes both trials, of which there were only 2 (both very small), mother-infant prospective
cohort studies and cross-sectional studies. Implementation of the search strategy & review are clearly and
transparently reported.

The results are logically described and well-written. This is a highly heterogenous dataset describing
complex outcomes and the authors treated the results objectively.

A couple of points:
® The Salas paper on preterm infants should not be included as preterm infants are a different and
high-risk subgroup from a developmental perspective.

® Although the authors correctly point out the deficits in the trial data, | thought that the discussion
could have appraised the evidence basis more from the prospective cohorts from a vitamin D
perspective; for example were gold standard methods of 25(OH)D analysis used? Were
appropriate methods used for cord blood sampling and analysis?

® Could some sensitivity analysis have been conducted on the basis of 25(0OH)D concentrations
reported given the widely variant definitions of "vitamin D deficiency"?

® Were the developmental assessments led by clinical psychologists within a MDT?

® Title: Currently suggestive rather than descriptive - Suggest amendment to: "Inconclusive
associations between vitamin D status during pregnancy or at birth and neuro-behavioural
outcomes in children: a systematic review."

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Page 21 of 27


https://doi.org/10.21956/wellcomeopenres.17243.r37928
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-0973-808X

Wellcome Open Research Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

Is the statistical analysis and its interpretation appropriate?
Yes

Are the conclusions drawn adequately supported by the results presented in the review?
Yes

Competing Interests: No competing interests were disclosed.
Reviewer Expertise: Nutrition; Vitamin D; Maternal & Child nutrition and development.

I confirm that | have read this submission and believe that | have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Sarah Atkinson, KEMRI-Wellcome Trust Research Programme, Kilifi, Kenya

We thank the reviewer for their insightful comments.

The Salas paper on preterm infants should not be included as preterm infants are a
different and high-risk subgroup from a developmental perspective.

Response: As noted, extremely preterm neonates are at a higher risk of neurodevelopmental
delays compared to children born at full term. We have now excluded the Salas paper as
suggested and mentioned it briefly in the Results and Discussion indicating the reason for
exclusion as follows:

Results under ‘Study Selection’: “We excluded one RCT as it evaluated the effect of vitamin D
supplementation on cognitive development in extremely preterm neonates [1].”

Discussion under ‘Strengths and limitations’: “We identified another small RCT (n=70) in the USA
which reported no beneficial effect of vitamin D supplementation on cognition at two years of age,
but we excluded this study as it included extremely preterm neonates, who are at a high risk of
neurodevelopmental delays compared to children born at full term [3].”

We have updated Figures 2 and 3 to reflect this exclusion.

Although the authors correctly point out the deficits in the trial data, | thought that the
discussion could have appraised the evidence basis more from the prospective cohorts
from a vitamin D perspective; for example, were gold standard methods of 25(OH)D
analysis used? Were appropriate methods used for cord blood sampling and analysis?

Response: Thank you. We agree that appraisal of the methods used to quantify 25(0OH)D levels is
important. We have now included the different assays used to quantify serum or plasma 25(0OH)D
levels in Table 1 and in the Results and Discussion sections as follows:

Results under ‘Study characteristics and outcomes’: “The studies used varying definitions for
vitamin D status and different assays to quantify 25(OH)D levels (Table 1). All five studies that
measured 25(0OH)D levels in cord blood did not provide information on the sampling procedures.”
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Results under ‘Comparing findings based on the timing, assays and cut-offs for 25(0OH)D levels
and neuroassessment tools.: “The most commonly used assay for measuring 25(0OH)D levels was
liquid chromatography-tandem mass spectroscopy (LC-MS/MS) (Table 1) with four out of 11
studies that used LC-MS/MS reporting associations between maternal or child 25(OH)D levels and
neurobehavioral outcomes, while 13 out of 20 studies that used other assays reported associations

”

Discussion, Paragraph 6: “Serum or plasma 25(OH)D levels were quantified using a variety of
routinely available assays with most studies using the gold standard of liquid
chromatography-tandem mass spectrometry (LC-MS/MS). There was little difference in
neurobehavioral outcomes in studies that used LC-MS/MS and studies that used other assays to
measure 25(0OH)D levels. The lack of standardized assays may result in large inter-method
variability and errors limiting comparability between studies [2].”

Could some sensitivity analysis have been conducted on the basis of 25(0OH)D
concentrations reported given the widely variant definitions of "vitamin D deficiency"?

Response: We thank the reviewer for this comment and note that a main limitation of the review is
the high level of heterogeneity in the studies which precluded a meta-analysis and formal
sensitivity analyses. We have added the following information:

Methods under ‘Synthesis of included articles’: “We compared study findings based on when
25(0OH)D levels were measured, assays used to measure 25(OH)D levels, definitions of vitamin D
status and tools used to assess neurobehavioural outcomes.”

Results under ‘Comparing findings based on the timing, assays and cut-offs for 25(0OH)D levels
and neuroassessment tools’: “Six out of eight studies that measured maternal 25(OH)D levels in
the 15t or 2N trimester reported associations with neurobehavioural outcomes in contrast to three
out of eight studies that measured 25(0OH)D levels in the 3' trimester or in cord blood. Three out of
seven studies that measured 25(OH)D levels in infancy and two out five studies that measured
levels in children above one year reported associations with neurobehavioural outcomes (Table 1).
The most commonly used assay for measuring 25(0OH)D levels was liquid chromatography-tandem
mass spectroscopy (LC-MS/MS) (Table 1) with four out of 11 studies that used LC-MS/MS
reporting associations between maternal or child 25(0OH)D levels and neurobehavioral outcomes,
while 13 out of 20 studies that used other assays reported associations. The majority of studies
(n=15) defined vitamin D deficiency as 25(OH)D levels <50 nmol/L and six of these studies
reported associations with neurobehavioural outcomes. Six studies defined vitamin D deficiency
as 25(0OH)D levels <30 nmol/L or <25 nmol/L and of these two reported associations with
neurobehavioural outcomes (Table 1). The most common tool used to assess neurobehavioural
outcomes was the Bayley Scales of Infant Development (BSID) and six out of eight studies that
used the BSID reported associations between 25(0OH)D levels and neurobehavioural outcomes
(Table 1).”

Discussion under ‘Strengths and limitations’: “We found substantial heterogeneity in study
populations and study methods including timing of vitamin D measurements, definitions for vitamin
D status and tools used to measure neurobehavioural outcomes which made comparison of the
studies difficult and precluded a quantitative meta-analysis of the studies. However, we did not
observe marked differences when comparing findings in studies that defined vitamin D deficiency
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as 25(0OH)D levels <50 nmol/L with those that defined vitamin D deficiency as 25(0OH)D levels <30
nmol/L or <25 nmol/L.”

Discussion Paragraph 6: “Serum or plasma 25(OH)D levels were quantified using a variety of
routinely available assays with most studies using the gold standard of liquid
chromatography—-tandem mass spectrometry (LC-MS/MS). There was little difference in
neurobehavioral outcomes in studies that used LC-MS/MS and studies that used other assays to
measure 25(0OH)D levels. The lack of standardized assays may result in large inter-method
variability and errors limiting comparability between studies [2]. Secondly, vitamin D status was
measured at varying gestational ages in mothers and different ages in the children. Several studies
that measured maternal 25(OH)D in the 15t or 279 trimester, rather than the 39 trimester or in cord

blood, reported an association between low maternal 25(0OH)D and low developmental scores in
the children 32. 41,43, 45,46 \hich might suggest a critical window for the impact of low 25(0H)D
levels earlier in pregnancy when there is rapid brain development [71]. There was little difference
when comparing findings between studies that measured 25(OH)D levels during or after infancy. In
addition, studies suggest that there might be optimal levels of vitamin D required for development
with higher levels also being associated with impaired development 28: 40 _ Thirdly, the timing and
tools used to assess neurobehavioural outcomes varied markedly between studies. The majority of
studies that assessed neurobehavioural outcomes during infancy reported associations between
25(0OH)D levels and neurobehavioral outcomes compared to fewer than half of studies that
assessed neurobehavioural outcomes after infancy. Putative effects might be more likely to be
detected in earlier years of life and may also be influenced by 25(OH)D levels throughout
childhood. Most studies used the Bayley Scales of Infant Development to assess neurobehavioral
outcomes in children, however, comparisons based on the tools were limited as most studies used
several tools to assess different neurobehavioural outcomes.”

Were the developmental assessments led by clinical psychologists within a MDT?

Response: We have now included a summary of the teams that assessed neurobehavioural
outcomes in the studies in the sub-section ‘Study characteristics and outcomes’ in the Results
section as follows:

Results under ‘Study characteristics and outcomes’: “In 21 studies, neurobehavioural assessments
were conducted by psychologists or trained research or clinical staff, seven studies relied on
caregiver reports, while three studies did not provide information on assessors.”

Title: Currently suggestive rather than descriptive - Suggest amendment to: "Inconclusive
associations between vitamin D status during pregnancy or at birth and
neuro-behavioural outcomes in children: a systematic review."

Response: Thank you for the suggestion. However, we note that our review includes one
randomised controlled trial and includes studies where vitamin D status was measured in
childhood and the suggested title may not be inclusive of all studies.

Competing Interests: No competing interests were disclosed.

Mairead Kiely, University College Cork, Cork, Ireland
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Thank you for your comprehensive responses. Approved.

Competing Interests: none
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Andrew S. Day
Department of Paediatrics, University of Otago, Christchurch, Christchurch, New Zealand

This MS focuses on the impact of vitamin D upon child development, using a systematic approach.

Overall comments:
® The MS is well written and easy to follow. The objectives are clear and the conclusions well
presented.

® The authors have used we/our throughout rather than third person or indirect language.
Specific comments:

1. The first paragraphs of the Methods and Results sections don't have subheadings - these should
be added.

2. The authors used very broad inclusion criteria, for instance including children to age 18 years. A
more limited focus, for instance on infancy or the preschool years, may have provided more
emphasis on key early aspects of development.

3. Further, vitamin D may be hard to consider as an isolated effect (separate to other micro or
macronutrient factors). Was this considered?

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
| cannot comment. A qualified statistician is required.

Are the conclusions drawn adequately supported by the results presented in the review?
Yes

Competing Interests: No competing interests were disclosed.
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Reviewer Expertise: Paediatric gastroenterology, with focus on IBD and the impact of vitamin D

I confirm that | have read this submission and believe that | have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Sarah Atkinson, KEMRI-Wellcome Trust Research Programme, Kilifi, Kenya

We thank the reviewer for his helpful comments, which we have addressed point-by-point below:

The first paragraphs of the Methods and Results sections don't have subheadings - these
should be added.

Response: We have added the subheadings ‘Reporting guidelines’ in the Methods section and
‘Study selection’ in the Results section.

The authors used very broad inclusion criteria, for instance including children to age 18
years. A more limited focus, for instance on infancy or the preschool years, may have
provided more emphasis on key early aspects of development.

Response: We agree that the early years of life are particularly crucial for brain development. We
have included a subsection ‘Studies that assessed neurobehavioural outcomes in infancy’ in the
Results section comparing studies that assessed development during infancy and those that
assessed development in older children and have also updated the Discussion accordingly as
follows:

Results, under ‘Studies that assessed neurobehavioural outcomes in infancy’: “Six observational
studies assessed neurobehavioural outcomes during infancy and of these studies, five reported
associations between maternal or child 25(OH)D levels and neurobehavioural outcomes, while one
study reported no associations. In contrast, 24 studies assessed neurobehavioural outcomes in
children above one year of age and of these, 11 studies reported associations between maternal or
child 25(0OH)D levels and neurobehavioural outcomes, while 13 studies reported no associations.”

Discussion Paragraph 6: “Thirdly, the timing and tools used to assess neurobehavioural outcomes
varied markedly between studies. The majority of studies that assessed neurobehavioural
outcomes during infancy reported associations between maternal or child 25(OH)D levels and
neurobehavioral outcomes compared to fewer than half of studies that assessed neurobehavioural
outcomes after infancy. Putative effects might be more likely to be detected in earlier years of life
and may also be influenced by 25(OH)D levels throughout childhood.”

Further, vitamin D may be hard to consider as an isolated effect (separate to other micro
or macronutrient factors). Was this considered?

Response: We agree that the effects of vitamin D on development are possibly confounded by
other factors including the effects of other micro and macronutrients. We excluded two RCTs from
the systematic review as they did not evaluate the effect of vitamin D on neurobehavioural
outcomes in children separately from other micronutrients and have also now discussed this as a
potential limitation of the study as follows:

Page 26 of 27



Wellcome Open Research Wellcome Open Research 2020, 5:28 Last updated: 12 JUN 2020

Results under ‘Study Selection’: “We excluded 29 studies because the outcomes of interest were
physical growth, psychiatric disorders or infections, eight because they assessed coverage of
vitamin D supplementation programmes and two RCTs because the effect of vitamin D status on
child development was not measured separately from the effects of other micronutrients.”

Discussion under ‘Strengths and limitations’: “Additionally, isolating the effect of vitamin D on
neurobehavioural outcomes may be limited by confounding factors. We excluded two randomised
controlled trials that did not evaluate the effect of vitamin D separately from other micronutrients [4,
5]. Moreover, although most of the observational studies adjusted for measured confounders,
evidence may still be subject to residual confounding from unmeasured factors, such as dietary
intake of other micro and macronutrients.”

Competing Interests: No competing interests were disclosed.
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