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Abstract

Background/objectives Vitamin D deficiency during pregnancy may influence adverse outcomes in offspring. The aim of
this systematic review and meta-analysis of observational studies was to assess the association between low prenatal
concentrations of 25(OH)D (by using three different cut-off levels), preterm birth (PTB) and anthropometric and neuro-
developmental outcomes in offspring.

Subjects/methods Studies reporting data on the association between maternal vitamin D concentrations and offspring
outcomes identified through a systematic review of scientific literature published in PubMed/MEDLINE, Scopus and the
Cochrane Library databases up to April 2017.

Results We included 54 eligible studies. Vitamin D-deficient mothers (<30 nmol/L) had offspring with lower birthweight
(MD —87.82¢g; 95% CI —119.73, —55.91 g), head circumference (MD —0.19 cm; 95% CI —0.32, —0.06 cm) and a higher
risk of small for gestational age (SGA) infants and PTB (OR 1.59; 95% CI 1.24, 2.03) compared to mothers with
concentrations 230 nmol/L. Vitamin D insufficiency (<50 nmol/L) was associated with a higher risk of SGA and PTB (OR
1.43; 95% CI 1.08, 1.91 and OR 1.28; 95% CI 1.08, 1.52, respectively). Concentrations of 25(OH)D 275 nmol/L were not
found to be associated with birthweight, SGA or PTB. Offspring of vitamin D-insufficient mothers had lower scores in
mental (MD —1.12 points; 95% CI —1.82, —0.42 cm) and language developmental tests (MD —0.35 points; 95% CI —1.00,
0.31 cm).

Conclusion Maternal vitamin D deficiency is associated with offspring adverse anthropometric outcomes and PTB; insuf-
ficiency with a higher risk of SGA, PTB and adverse neurodevelopmental outcomes.

Introduction

Vitamin D is a necessary nutrient required for development
and vitamin D deficiency has become a major health pro-
blem worldwide, affecting over 1 billion people, across all
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respiratory tract infections, among others [18-21]. Fur-
thermore, a poorer vitamin D status in pregnancy has been
associated with adverse neurodevelopmental outcomes and
behavioural problems in some previous studies [17, 22-27].

Despite many studies in this field and the number of
systematic reviews and meta-analyses [28-37] trying to
summarize the available evidence, there are still numerous
conflicting results regarding the relationship between
maternal vitamin D concentrations and optimal offspring
outcomes, including anthropometric and neurodevelop-
mental outcomes and behavioural problems.

In addition, very few studies have focussed on the mini-
mum concentrations of 25-hydroxyvitamin D (25(OH)D)
from which vitamin D supplementation will be recommended
for pregnant women to reduce the risk of adverse outcomes in
their children. Given the accumulation of new evidence since
the publication of recent reviews, and considering that most
meta-analysis have used a single cut-off level for vitamin D
deficiency and that, to date, no meta-analysis has quantita-
tively assessed the effect of low prenatal concentrations of
vitamin D on neurodevelopmental outcomes (cognitive, lan-
guage, and motor development), and there is a need to syn-
thesize research evidence from individual studies. This
synthesis would enable health-care providers to agree on the
optimal vitamin D status in pregnancy to reduce adverse
outcomes in offspring and contribute in our understanding of
the effects of both maternal vitamin D deficiency and insuf-
ficiency on specific health outcomes.

The aim of this systematic review and meta-analysis of
observational studies was to assess the association between
low prenatal concentrations of vitamin D (by using three
different cut-off values of 25(OH)D concentrations) and
anthropometric measures (including birthweight, length,
HC, SGA) and other outcomes on their offspring (PTB,
mental, language and motor development).

Methods

This study has been recorded in PROSPERO (2017:
CDR2017055607), an international database of prospectively
registered systematic reviews in health and social care:

https://www.crd.york.ac.uk/PROSPERO/display_record.
asp?ID = CRD42017055607

This systematic revision and meta-analysis has been
carried out following the MOOSE guidelines[38] and spe-
cific items from the PRISMA guidelines [39] (items 5, 10
and 14 of the checklist).

Literature search

The studies selected were identified through a systematic
review of scientific literature published in PubMed/
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MEDLINE, Scopus and the Cochrane Library databases to
up April, 2018. We searched for the following keywords:
((“Vitamin D”[Mesh]) AND (“Pregnancy”’[Mesh] OR
“pregnant”) AND (“Infant”’[Mesh] OR “Child”’[Mesh])
AND (“Birth weight”’[Mesh] OR “Body Height”’[Mesh] OR
“head circumference” OR “cephalic perimeter” OR growth
OR “Premature Birth”[Mesh] OR “Infant, Small for
Gestational Age”[Mesh] OR “Neurobehavioral Manifesta-
tions”’[Mesh] OR ‘“Neurodevelopmental Disorders”[Mesh]
OR “Cognition”’[Mesh] OR “Child Development”’[Mesh]
OR “Child Behavior’[Mesh] OR “Psychomotor Perfor-
mance”’[Mesh])). No date or language restrictions were
applied. Case reports, comments, editorials, letters, reviews,
systematic reviews and meta-analyses were excluded.
Additional articles were identified after citation tracking and
manual search.

Study selection

The studies were first filtered by title and then by the
abstract (Fig. 1) and duplicate publications were removed.
We reviewed the studies and selected if they met following
inclusion criteria: (a) Original study articles that explored
the relationship between maternal vitamin D status and
offspring outcomes (anthropometric measures or PTB or
neurodevelopment); (b) the study population was adult

1043 Citations identified from
PubMed, Scopus and Cochrane

960 Citations excluded based on screening of titles or
abstracts using general criteria:

595 Other topic of study

219 Not evaluated the association of interest

34 Systematic review/Meta-analysis
53 Other type of work

3 Animals studies

57 Duplicate studies

82 potentially relevant
studies identified for futher
full-text review

4—’ 13 studies identified from manual screening

15 not available data on wvitamin D concentrations
in  relaion  to birth outcomes and

neruodevelopment

26 studies excluded based on full-text screeaning
by inclusion criteria

54 studies included in the
meta-analysis for the
anthropometric measures, PTB
and neurodevelopment
outcomes

Fig. 1 Flowchart of study search and selection
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healthy pregnant women; (c) 25(OH) assays were con-
ducted in maternal or cord blood samples during pregnancy
or at delivery; (d) Studies providing information about the
newborns, infants or children: anthropometric measure-
ments (birthweight, birth length, birth HC and SGA), PTB
and neurodevelopment domains. The excluded -criteria
were: (a) case reports, comments, editorials and letters; (b)
animal studies; (c) duplicated studies; and (d) pregnant
women with serious specific diseases. From each study
selected, we extracted the relevant information shown in
Table 1. The articles were categorized based on the result of
interest: birthweight, birth length and birth HC, SGA
(below the 10th percentile), PTB (before 37 weeks of
gestation), and neurodevelopment domains.

Two reviewers (MV and MT) independently reviewed
the literature searches and acquired the full-length articles
for all citations meeting the predefined selection criteria. We
resolved any disagreements through consensus or arbitra-
tion by a third reviewer (VA).

We defined vitamin D deficiency and insufficiency as 25
(OH)D concentrations <30 and <50nmol/L, respectively,
defined by the Institute of Medicine [40] and suboptimal
concentration (<75 nmol/L) proposed by the American Society
of Endocrinology [41]. Therefore the analyses were made in
three subgroups depending on the cut-off used (<30 vs >30
nmol/L; <50 vs =50 nmol/L and <75 vs =75 nmol/L). If studies
reported 25(OH)D concentrations in ng/mL, we multiply by
2.5 to convert into nmol/L. (nmol/L = 2.5 x ng/mL) [42].

We extracted the means and standard deviations of the
anthropometric measurements (birthweight, birth length and
birth HC), the neurodevelopmental tests and the number of
PTB infants and SGA infants (raw data). We contacted
some authors to obtain additional data from the studies.

The quality of the publications was assessed using the
STROBE [43] criterion for observational studies. The arti-
cles were categorized as follows: “high” quality if the score
was 217 items (280% of the checklist), “moderate” quality
if the score was 13-16 items (60-79% of checklist) and
“low” quality if the score was <12 items (<50% of the
checklist). Low-quality articles were not included in the
analysis.

Statistical analysis

The associations between maternal vitamin D status and the
offspring outcomes were measured by difference in means
(95% confidence intervals (CIs)) and SGA and PTB were
expressed by odds ratio (OR) (95% Cls) using random
effects. A forest plot was used to visually evaluate the
pooled effect. Heterogeneity was calculated by using
Cochrane X statistical test and the degree of heterogeneity
was quantified by I* test. An I*>50% (p<0.1) was con-
sidered as a measure of high heterogeneity [44]. Sensitivity

analyses were used to investigate the origin of heterogeneity
by assessing the effect of studies on outcomes by per-
forming the analyses after excluding one or more studies. In
addition, univariate meta-regression analysis were per-
formed to assess whether the heterogeneity observed may
be further explained by differences in ethnic diversity for
birthweight and SGA, outcomes with more than three stu-
dies in each subgroup. Publication bias was first assessed
with the Egger’s test [45] (STATA software, version 12.0)
and then tested with the funnel plot to confirm the presence
or absence of bias, because a result in the non-significant
Egger’s test does not indicate an asymmetry, and it is
recommended to complement the analysis with the vision of
the distribution of the studies emitted by the funnel plot
[46]. Data analysis was made using the Review Manager
Software (version 5.3, Cochrane Collaboration) [47].

Results

A flowchart of the study selection process is depicted in
Fig. 1. A total of 54 studies were included in the meta-
analysis. There were a total of 67,484 participants and the
age of women ranged from 18 to 45 years. The character-
istics of the studies included in this meta-analysis are shown
in Table 1.

The overall score on the STROBE checklist ranged from
15 to 18, with a mean score of 17 out of 22 points; as a
result, 34 studies were of “high” quality (217 items) and 20
were rated as “moderate” quality (Supplemental Table 1).

Maternal status of vitamin D and anthropometric
measures at birth

Mothers with vitamin D concentrations <30 vs 230 nmol/L
had newborns with a lower weight and lower HC, whereas
no differences were found in infants' length (Fig. 2). There
was significant heterogeneity (=58, 69 and 66%,
respectively). Regarding birthweight and HC, as shown in
Supplemental Fig. 6, the study of Dalgird et al. caused
asymmetry in the funnel plot. The heterogeneity decreased
significantly when this study was excluded (=38 and
18%, respectively), maintaining the estimated effect
(birthweight: mean difference (MD) —98.33 g, 95% CI
—125.74 to —70.92 g) (HC: MD —0.27 cm, 95% CI —0.35
to —0.20 cm) (Supplemental Fig. 1).

Meta-regression analysis showed that the heterogeneity
observed cannot be explained by differences in the ethic
group of the studies included, although we observed a trend
to lower effects of maternal vitamin deficiency on birth-
weight in the Asian ethnic group (Supplemental Table 2).

Regarding birth length, the study of Reichetzeder et al.
caused asymmetry in the funnel plot and the heterogeneity
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Table 1 Characteristics of studies included in meta-analysis

Study

Country/ethnicity

Study design

Sample

Specimen, gestational age at time of sampling
(weeks), assay method and 25(OH)D cut-off used
(nmol/L)

Child outcomes

Arija et al. [72]

Ates et al. [49]

Aydogmus et al. [5]

Baker et al. [93]

Birebring et al. [94]

Bodnar et al. [62]

Bodnar et al. [80]

Bowyer et al. [90]

Boyle et al. [13]

Burris et al. [6]

Chen et al. [61]

Chi et al. [23]

Choi et al. [81]

Dalgird et al. [50]

Ertl et al. [95]

Eckhardt et al. [7]

Eggemoen et al. [51]

Farrant et al. [52]

Spain

Turkey

Turkey

United States
Black
White

Sweden

United States

United States

Australia

New Zealand,
Europe/
other ethnicities

United States
White
Black

China

China

Korea

Denmark

United Kingdom

United States
White,
Black

Norway

India

Studies included in anthropometric measures and preterm birth

Cohort study

Cohort study

Cohort study

Nested case—

control

Cohort study

Case—control

Nested case—

control

Cohort study

Cohort study

Cohort study

Cohort study

Cohort study

Cohort study

Cohort study

Case—control

Cohort study

Cohort study

Cohort study

428

229

180

160

2052

413

2327

971

1710

1303

3658

160

282

1038

1150

2473

719

559

Maternal blood, <12 weeks of gestation
ELISA
Deficiency <50 nmol/L

Maternal blood, 11-13 weeks of gestation
LC-MS/MS

Severe deficiency 25 nmol/L; moderate deficiency
25-47.5 nmol/L; mild deficiency 50-74.5 nmol/L;
desirable reference limit >75 nmol/L

Maternal blood, >28 weeks of gestation
ELISA

Deficiency <37.5 nmol/L; insufficiency 37.5-74
nmol/L; sufficient >75 nmol/L.

Maternal blood, 14 weeks of gestation
LC-MS

Deficiency <50 nmol/L; insuffciency 50-74.9
nmol/L; sufficiency >75 nmol/L

Maternal blood, 8—12 weeks of gestation
LC-MS/MS

High status >75 or 100 nmol/L, sufficiency 250
nmol/L, insufficiency 30-50 nmol/L

Maternal blood, <22 weeks of gestation
ELISA

Deficiency <37.5 nmol/l; insufficiency 37.5-75
nmol/l; sufficiency >75 nmol/l

Maternal blood, <20 weeks of gestation
LC-MS/MS

Deficiency <50 nmol/L; insuffciency 50-74.9
nmol/L; sufficiency 275 nmol/L

Maternal blood, 30-32 weeks of gestation
CLIA
Deficiency <50 nmol/L; sufficiency 225 nmol/L

Maternal blood, 15 weeks of gestation
LC-MS

Severe deficiency <25 nmol/L; deficiency <50
nmol/L; insufficiency <75 nmol/L

Maternal blood, 26-28 weeks of gestation

CLIA and RIA

Severe deficiency <25 nmol/L; deficiency 25-<50
nmol/L; insufficiency 50-<75 nmol/L; sufficiency
>75 nmol/L

Maternal blood, any stage of pregnancy

RIA

Deficient <50 nmol/L; insufficient 50-75 nmol/L;
sufficient 275 nmol/L

Maternal blood, 28 weeks of gestation
EIA
Deficiency <50 nmol/L

Maternal blood, any trimester their of pregnancy
LC-MS/MS

Deficiency <50 nmol/L; suboptimal 50-75 nmol/
L; sufficient >75 nmol/L

Cord blood, delivery

LC-MS/MS

<12 nmol/L; 12—<25 nmol/L; 25—<50 nmol/L;
>50 nmol/L

Maternal blood, 11-13 weeks of gestation
LC-MS/MS

Deficiency <50 nmol/L and insufficiency <75
nmol/L

Maternal blood, >26 weeks of gestation
LC-MS/MS

Deficiency <30 nmol/L

Maternal blood, 15 and 37 weeks

RIA

<37 nmol/L; 237 nmol/L

SGA and PTB

Birthweight

Birthweight, SGA

SGA and PTB

SGA

Birthweight

SGA

Birthweight, SGA

SGA

Birthweight, birth Length and HC

SGA and PTB

Birthweight, birth HC

SGA

Birthweight, birth length and HC

Birthweight

Birthweight
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Table 1 (continued)

Study

Country/ethnicity

Study design

Sample

Specimen, gestational age at time of sampling
(weeks), assay method and 25(OH)D cut-off used
(nmol/L)

Child outcomes

Fernandez Alonso
et al. [89]

Flood-Nichols et al.
[82]

Gale et al. [53]

Gernand et al. [8]

Gernand et al. [83]

Gould et al. [17]

Hanieh et al. [25]

Leffelaar et al. [9]

Miliku et al. [10]

Morgan et al. [84]

Morley et al. [54]

Mcdonnell et al. [91]

Ong et al. [55]

Perez Ferre et al. [14]

Reichetzeder et al [92]

Rodriguez et al. [56]

Seto et al. [96]

Song et al. [11]

Spain

United States

United Kingdom
Caucasian

United States
White
Black

United States
White
Black

Australia

Vietnam

Netherlands

Netherlands

Canada

Australia

United States

Singapore

Spain

Germany

Spain

United States

China

Cohort study

Cohort study

Cohort study

Cohort study

Cohort study

Data from
RCTs

Cohort study

Cohort study

Cohort Study

Nested case—
control
Cohort study

Cohort study

Cohort study

Cohort Study

Cohort Study

Cohort Study

Cohort study

Cross-
sectional

466

235

466

2146

792

334

960

3730

7098

1656

374

1064

910

266

547

2382

438

70

Maternal blood, >37 weeks of gestation

RIA

Hypovitaminosis <50 nmol/L

Maternal blood, 11-14 weeks of gestation
CLIA

Deficient <50 nmol/L; insufficient 50-74.5 nmol/
L; sufficient >75 nmol/L

Maternal blood, 5 and 12 weeks

ELISA

Severe deficiency 50 nmol/L; 51-74 nmol/L;
sufficiency 75 nmol/L

Maternal blood, 32.6 weeks of gestation

RIA

Deficiency <27.5 nmol/L; insufficiency 27.5-50
nmol/L; sufficiency >50 nmol/L

Maternal blood, <26 weeks of gestation
LC-MS/MS
<37.5 nmol/L; >37.5 nmol/L.

Maternal blood, >26 weeks of gestation
LC-MS/MS
Deficiency <30 nmol/L; inadequacy 50 nmol/L;

Cord blood, delivery

LC-MS/MS

Deficiency <25 nmol/L; insufficiency 25-50 nmol/
L; sufficiency >50 nmol/L

Maternal blood, 32 weeks of gestation
LC-MS/MS

Deficiency <37.5 nmol/L, insufficiency <37.5 and
<75 nmol/L, >75 nmol/L

Maternal blood, 13.5 weeks of gestation

EIA

Deficiency <29 nmol/L; insufficiency 30-49.9
nmol/L; sufficiency >50 nmol/L

Maternal blood, 20.3 weeks of gestation
LC-MS/MS

Severely deficient <25 nmol/L; deficient 25-49.9
nmol/L; sufficient 50-74.9 nmol/L; optimal 275
nmol/L

Cord blood, delivery
CLIA
<50 nmol/L; 50-75 nmol/L; >75 nmol/L

Maternal blood, 28-32 weeks of gestation
RIA
Low <28 nmol/L and high >28 nmol/L

Maternal blood, 24-28 weeks
LC/MS
<50 nmol; 50-75 nmol/L; 75-100 nmol/L

Maternal blood, 26-28 weeks of gestation
LC-MS/MS

Deficiency <29 nmol/L; insufficiency 30-49.9
nmol/L; sufficiency >50 nmol/L

Maternal blood, 26-28 weeks
CLIA
Deficiency <50 nmol/L

Maternal blood, NA

ELISA

<1, severe deficiency >1 and 25 nmol/L, moderate
deficiency >25 nmol/L

Maternal blood, 13.5 weeks of gestation

HLPC

Deficiency <50 nmol/L; insufficiency 50-74 nmol/
L; sufficiency >75 nmol/L

Cord blood, delivery

CLIA

Sufficient >50 nmol/L and deficient <50 nmol/L
Maternal blood, delivery

ELISA

Severe deficiency <25 nmol/L; deficiency 20 and

Birthweight, birth length and HC

Birthweight and SGA

SGA

Birthweight, birth length, HC and
SGA

Birthweight, birth length, HC

Birthweight, SGA

Birthweight, birth length and HC,
SGA

SGA and PTB

Birthweight and birth HC

Birthweight, length, HC at birth and
at 3, 6,9, 12, 15, 18, 24 months;
SGA and PTB

Birthweight, SGA, PTB

Birthweight, birth length and HC

Birthweight, birth length and HC,
SGA

SGA

Birthweight, birth length and HC
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Table 1 (continued)

Study Country/ethnicity ~ Study design ~ Sample  Specimen, gestational age at time of sampling Child outcomes
(weeks), assay method and 25(OH)D cut-off used
(nmol/L)
50 nmol/L; insufficiency 50 and 75 nmol/L; 75
nmol/L normal
Shand et al. [85] Canada Cohort study 227 Maternal blood, 10-20 weeks of gestation PTB
RIA
<37.5 nmol/L; <50 nmol/L; >75 nmol/L
Schneuer et al. [15] Australia Nested case— 5109 Maternal blood, 10-14 weeks of gestation SGA and PTB
control CLIA
<15; <25; <37.5; <50; <75 nmol/L
Tabatabaei et al. [97] Canada Case—control Maternal blood, 8—14 weeks of gestation PTB
LC-MS
<50, 50-75 and >75 nmol/L
Thorp et al. [86] United States Nested case— 265 Maternal blood, 16-22 weeks of gestation PTB
control LC-MS
<50 nmol/L; >50 nmol/L
Viljakainen et al. [59] Finland Cohort study 98 Maternal blood, 37-42 weeks of gestation Birthweight, birth length and HC
EIA
Deficiency <50 nmol/L; insufficiency 51-74 nmol/
L; sufficiency >75 nmol/L
Wang et al. [48] China Cohort study 747 Maternal blood, 1 trimester Birthweight, birth HC and
ECLIA SGA
Deficiency <50 nmol/L; insufficiency 50-74 nmol/
L; sufficiency >75 nmol/L
Wagner et al. [87] United Data from 50 Maternal blood, delivery PTB
States RCTs RIA
<50 nmol/L; <50-100 nmol/L; >
100 nmol/L
Weinert et al. [57] Brazil Cohort study 184 Maternal blood, third trimester of pregnancy Birthweight and SGA
CLIA
<50 nmol/L and >50 nmol/L
Wetta et al. [98] United States Nested case— 200 Maternal blood, 15-21 weeks of gestation PTB
control LC-MS
Deficiency <37.5 nmol/L and insufficiency <75
nmol/L
Yang et al. [88] China Cohort study 138 Maternal blood, NA PTB
HLPC
<50 nmol/L, >50 nmol/L; and 25, 50, 30, >30
nmol/L
Zhou et al. [99] China Cohort study 2960 Maternal blood, 16-20 weeks of gestation Birthweight, birth length and SGA
CLIA
Low level <50 nmol/L; medium level 52.5-74.5
nmol/L; high level >75 nmol/L
Zhu et al. [12] China Cohort study 1491 Cord blood, delivery Birthweight and SGA
RIA
Deciles 1-10; 11-20; 21-30; 31-40; 41-50; 51—
60; 61-70; 71-80; 81-90; 91-100 nmol/L
Zhu et al. [100] China Cohort study 821 Maternal blood, before delivery PTB
ELISA
Severe deficiency <25 nmol/L, mild deficiency 25—
50 nmol/L, insufficiency 50-75 nmol/L
Studies included in neurodevelopmental outcomes
Arija et al. [72] Spain Cohort study 428 Maternal blood, <12 weeks for gestation 40 days
ELISA Mental, motor and language
Deficiency <50 nmol/L development (BSDI III)
Chi et al. 2018 [23] China Cohort study 160 Maternal blood, 28 weeks of gestation 6 months
EIA Mental and motor development
Deficiency <50 nmol/L (BSDI 1II)
Darling et al. [26] United Kingdom  Cohort study 7065 Maternal blood, >22 weeks of gestation 6—42 months and 7, 8, 9 years
HLPC Fine-motor and gross-motor
Deficiency <50 nmol/L development (ALSPAC test),
behaviour (SDQ test),
intelligence quotient (WISC test),
reading (NARA test)
Gale et al. [53] United Kingdom  Cohort study 466 Maternal blood, 32.6 weeks of gestation 9 years
RIA Intelligence quotient (WISC test)
<27.5, 27.5-50 and >50 nmol/L and behaviour (SDQ test)
Gould et al. [17] Australia Data from an 337 Cord blood, delivery 18 months and 4 years

RCT

LC-MS/MS

Mental, motor, social-emotional
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Table 1 (continued)

Study Country/ethnicity ~ Study design ~ Sample  Specimen, gestational age at time of sampling Child outcomes
(weeks), assay method and 25(OH)D cut-off used
(nmol/L)
Deficiency <25 nmol/L; insufficiency 25-50 nmol/ (BSDI III) and language (BSDI III,
L; sufficiency >50 nmol/L DAS II and CELF-P2)
Hanieh et al. [25] Vietnam Cohort study 960 Maternal blood, 32 weeks of gestation 6 months.

LC-MS/MS
Deficiency <37.5 nmol/L, insufficiency <37.5 and

Mental, motor, social-emotional and
language (BSDI III)

<75 nmol/L, 275 nmol/L

Keim et al. [101] United States Cohort study 363

RIA

<25, 25-<50, 50—<75 and 75 nmol/L

Morales et al. [22] Spain Cohort study 1820

Tylasky et al. [27] United States Cohort study 1020

Maternal blood, <26 weeks of gestation

8 months, 4 and 7 years

Mental and motor development
(BSDI 1)

Intelligence quotient (Stanford-
Binet Intelligence and WISC tests)
Achievement (WRAT test)

Maternal blood, 13.5 weeks of gestation 14 months

HLPC Mental and motor development
<50, 50-75 and >75 nmol/L (BSID II)

Maternal blood, second trimester of gestation 24 months

EIA Mental and language development
<50 nmol/L, 50-74.9 nmol/L and >75 nmol/L (BSDI 1III)

Zhu et al. [78] China Cohort study 363

RIA

Quintile 1: 5.56-20.8; Quintile 2: 20.9-30.9;

Cord blood, delivery

16 and 18 months
Mental and motor development
(BSDI 1)

Quintile 3: 31.0-39.8; Quintile 4: 39.9-51.0;
Quintile 5: 51.3-111

25(OH)D 25-hydroxyvitamin, ELISA enzyme-linked immunosorbent assay, CLIA chemiluminescence immunoassay, RIA radioimmunoassay, LC-
MS/MS liquid chromatography-tandem mass spectrometry, HPLC high performance liquid chromatography, E/A enzyme immunoassay, ECLIA
electro-chemiluminescence inmmunoassay, NA not available, SGA small for gestational age, HC head circumference, BSDI (Il and III) Bayley
scales 2 and 3 edition, ALSPAC The Avon Longitudinal Study of Parents and Children Preschool Test, SDQ Strengths and Difficulties
Questionnaire, NARA Neale Analysis of Reading Ability, WISC Intelligence Scale for Children, WRAT Wide Range Achievement Test, DAS II
Differential Ability Scales, CELF-P2 Clinical Evaluation of Language Fundamentals Preschool, PLS-TL Preschool Language Scale, CBCL Child
Behavior Checklist, K-BIT Kauffman Brief Intelligence Test, KABC Kauffman Assessment Battery for Children

decreased significantly when this study was excluded (> =
46 %), maintaining the estimated effect (MD —0.43 cm,
95% CI —0.75 to —0.10 cm) (Supplemental Fig. 1).

Anthropometric measures according to maternal vitamin
D concentrations <50 or >50 nmol/L. are shown in Fig. 3.
There were no significant differences in birthweight, birth
length or HC between babies born to vitamin D-insufficient
mothers compared to babies born to vitamin D-sufficient
mothers. Regarding birthweight, although there was sig-
nificant heterogeneity (I = 84, 63 and 98%, respectively), it
decreased when the studies by Leffelaar et al. and Wang
et al., which caused asymmetry in the funnel plot (Sup-
plemental Fig. 7), were excluded (> =40%), maintaining
the estimated effect (MD 3.23 g, 95% CI —24.31 to 30.77 g;
Supplemental Fig. 2). Regarding birth length, the hetero-
geneity decreased significantly when the study by Chi et al.,
which caused asymmetry, was excluded (> = 57%), main-
taining the estimated effect (MD —0.06 cm, 95% CI —0.14
to 0.26 cm). Regarding HC, the heterogeneity decreased
significantly when the studies by Chi et al. and Wang et al.,
which caused asymmetry, were excluded (I2 =66%),
maintaining the estimated effect (MD —0.06 cm, 95% CI
—0.25 to 0.13 cm; Supplemental Fig. 2).

Maternal status of vitamin D and SGA and PTB

Mothers with vitamin D concentrations <30 vs >30 nmol/L
(Fig. 4) had a 59% probability of having SGA infants,
although with high heterogeneity (I =71%). The hetero-
geneity decreased significantly when the study by Bodnar
et al. (2010), which caused asymmetry in the funnel plot,
was excluded (I2 = 52%), maintaining the estimated effect
(OR 1.72, 95% CI 1.41 to 2.10; Supplemental Fig. 3).

No significant association was found between vitamin D
deficiency and PTB (Fig. 4), although with high hetero-
geneity. It decreased significantly when the studies
by Fernindez Alonso et al. and Shand et al., which
caused asymmetry, were excluded (I*=0%), observing
a significant relationship between maternal vitamin
D deficiency and PTB (OR 1.23, 95% CI 1.05 to 1.43;
Supplemental Fig. 3).

As shown in Fig. 5, maternal vitamin D insufficiency
was associated with an increased risk of SGA, although
with high heterogeneity (”=89%). The heterogeneity
decreased significantly when the studies by Leffelaar et al.,
Chen et al. (2015) and Choi et al., which caused asymmetry
in the funnel plot, were excluded (I2 =47%), maintaining
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Birthweight
< 30nmolL = 30 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI , Rand 95% CI
Ates etal. 2016 (Turkey) 3,245 496 105 3272 440 124 4.6% -27.00 [-149.47,95.47] I —
Aydogmus etal. 2015 (Turkey) 3,188 496 B6 3,268 477 g8 3.2% -80.00 [-235.73, 75.73] I
Bowyer et al. 2009 (Australia) 3,245 545 144 3453 555 827 B.1% -208.00[304.72,-111.28] =
Burris etal. 2012 {(LL.S.A) 3,460 680 47 3531 515 1086 2.2%  -71.00[267.80,125.80] T
Dalgard et al. 2016 {Denmark) 3,736 493 550 3722 509 488 9.3% 14.00[47.13,75.13] =
Eckardt et al. 2015 {U.5.4) 3,000 500 589 3100 A00 1884 10.9% -100.00[-146.26,-53.74] ==
Eggemoen et al. 2017 {(Morway) 3,381 512 237 3543 483 435 7.5% -162.00[-241.97 -82.03] =
Farrant et al. 2009 {India) 2,897 391 201 2916 445 347 8.2% -19.00 [-90.51, 52.51] —*T
Gale etal. 2008 (U.K) 3,390 510 234 3460 540 232 6.2% -70.00 [-165.38, 25.38] —
Gernand etal. 2013 {U.5.4) 3,127 550 747 3215 510 13499 107% -88.00 [-135.64, -40.36] I
Leffelaar et al. 2010 {Netherlands) 3,418 510 861 3545 478 2869 11.7% -127.00[-165.29,-88.71] i
Morley et al. 2006 (Australia) 3,387 570 27 3,555 520 347 1.8%  -158.00 [-379.85, 63.85] —
Reichetzeder etal. 2014 {Germany) 3,240 652 398 3255 4588 149 5.0% -15.00 [-129.09, 99.09] T
Song etal. 2012 (China) 3,386 407 38 3633 420 32 2.3% -247.00[-441.73,-52.27]
Zhu et al. 2015 (China) 3,324 480 447 3408 435 1044 103% -84.00[-135.73,-32.27] —
Total (95% CI) 4691 11351 100.0% -87.82[-119.73, -55.91] ‘
Heterogeneity: Tau®= 1884.35; Chi*= 33.31, df= 14 (P = 0.003); F= 58% t t t t
Testfor overall effect Z= 5.3 (P < 0.00001) -500 -250 0 250 500
Favours [=30 nmol/l] Favours [=30nmolil]

Birth Length

< 30nmolL = 30 nmolL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Eckardt etal. 2015 {U.5.A) 493 27 589 498 26 1884 327% -050[0.75,-0.29] -
Gale etal. 2008 (UK a0 2 16 501 2.2 350 256% -0.10 [-0.53, 0.33] -
Reichetzeder et al. 2014 {Germany) 401 36 398 489 19 149 242% 0.20 [-0.27, 0.67] —
Song etal. 2012 {China) 502 1.2 38 51 16 32 17.5% -0.80[1.47,-013] ——
Total (95% CI) 1141 2415 100.0%  -0.28 [-0.66, 0.10]
Heterageneity: Tau®= 0.10; Chi®=98.72, df= 3 (P = 0.02); F= 69% t t 1 t t
Testfor overall effect Z=1.43 (P = 0.15) -4 -2 0 2 4

Favours [ =30nmolil] Favours [= 30nmolil]

Birth Head Circumference

< 30nmollL = 30 nmoliL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Dalgard et al. 2016 (Denmark) 368 1.4 550 368 1.3 488 19.8% 0.00[-0.16, 0.16) ——
Eckardt et al. 2015 {U.S5.A) 333 15 589 336 1.5 1884 219% -0.30[-0.44 -0.18] —
Gale etal. 2008 {U.K) 351 1.3 116 351 1.4 350 124% 0.00 [-0.28, 0.28] I
Gernand etal. 2013 (U.S.A) 336 05 747 339 03 1399 286% -0.30[0.34,-0.26]
Morley et al. 2006 (Australia) 345 15 27 347 15 347 41% -0.20 [-0.79, 0.39] T
Reichetzeder et al. 2014 {Germany) 344 18 398 345 19 149 91% -010[0.45 0.29) I
Song etal. 2012 {China) 349 1.2 38 354 1.3 32 41%  -0.50[1.09,0.09] e —
Total (95% CI) 2465 4649 100.0% -0.19[-0.32, -0.06] o
Heterogeneity: Tau®= 0.01; Chi*=17.73, df= 6 (P = 0.007); F= 66% t t t t

-1 -05 ] 04 1

Test for overall effect: Z= 2.88 (P = 0.004)

Favours [= 30 nmolil] Favours [= 30nmaoliL]

Fig. 2 Forest plots showing the association of maternal vitamin D concentrations (<30 and 230 nmol/L) with anthropometric measures at birth

the estimated effect (OR 1.31, 95% CI 1.12 to 1.54; Sup-
plemental Fig. 4).

Meta-regression analysis showed that the heterogeneity
observed cannot be explained by differences in the ethic
group of the studies included, although we observed a trend
towards increased effects of maternal vitamin D insuffi-
ciency (<50nmol/L) on SGA in the Asian ethnic group
(Supplemental Table 2).

Regarding PTB, a significant relationship was observed,
although with high heterogeneity. It decreased significantly
when the study by Bodnar et al. (2015) was excluded (I2 =
24%), maintaining the estimated effect (OR 1.21, 95% CI
1.07 to 1.38; Supplemental Fig. 4).
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Maternal status of vitamin D (<75 or =75 nmol/L)
and anthropometric measures and PTB

Anthropometric measures according to the maternal vitamin
D concentrations <75 or =75 nmol/L. are shown in Fig. 6.
No significant differences were found when comparing
birthweight, SGA or PTB in offspring born to mothers with
vitamin D concentrations <75 nmol/L vs those born to
mothers with vitamin D concentrations 275 nmol/L.
Although there was no significant heterogeneity in birth-
weight or SGA outcomes (I2 =27, 39%, respectively), in
PTB the heterogeneity was significantly high (72%). It
decreased when the study by Bodnar et al. (2015), which
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Birthweight ) )

< 50 nmolL =50 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Rand 95% CI
Burris etal. 2012 {U.5.A) 3,538 540 361 3,524 512 TT2 B3% 14.00 [-52.39, 80.39] ——
Chietal. 2018 {China) 3,460 308 B0 3,346 321 80  6.8% 114.00 [16.52, 211.48] =
Dalgard et al. 2016 (Denmark) 3,735 504 926 3682 475 112 T.O0% 53.00 F40.77, 146.77] T —
Gale etal. 2008 (LK) 3,390 510 234 3460 540 232 B9% -70.00 [-165.38, 25.38] =
Hanieh etal. 2014 {vietnam) 3,174 392 582 3,192 392 378 9.0% -18.00 [-68.75, 32.75] e
Leffelaar et al 2010 (Netherlands) 3,460 503 1658 3,560 471 2072  9.8% -100.00[-131.58,-68.42] —
Ong etal. 2016 (Singapure) 3,143 415 120 3,099 458 790 76% 44.00 [36.83,124.83] | [
Rodriguez et al. 2015 (Spain) 3,243 465 596 3,258 485 1786  9.3% -15.00 [-58.58, 28.58] —=i
Viljakainen et al. 2010 {Finland) 3,700 400 49 3520 490 49 39% 180.00[2.89, 357.11]
Wang et al. 2018 {China) 3,138 663 575 3,348 230 300 8.6% -210.00[270.12,-149.88] ——
VWeinert et al. 2016 (Brazil) 3179 586 98 3,260 535 86  4.3% -81.00 [-243.01, 81.01] =
Zhou etal. 2014 {China) 3,138 434 370 3,156 476 1582  91% -18.00 [-68.06, 32.08] =
Zhu et al. 2015 (China) 3,376 458 745 3,391 439 T46  9.3% -15.00 [-60.54, 30.54] e
Total (95% CI) 6394 8985 100.0% -19.27 [-63.34, 24.80]

Heterogeneity: Tau®= 4920.51; Chi*= 74.97,

Testfor averall effect: Z=0.86 (P = 0.39)

Birth Length

df=12 (P =0.00001); F=84%

-200 100 0 100 200
Favours [z 50 nmol/l] Favours [= 50 nmolfl]

< 50 nmollL = 50 nmoliL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chietal 2018 (China) 50.2 1.2 80 497 1.4 80 12.8% 0.50[0.10,0.80] i
Gale etal. 2008 (UK) a0 2 234 503 21 232 138% -0.30 [[0.67, 0.07] 1
Hanieh etal. 2014 {Vietnam) 491 26 582 491 26 378 15.0% 0.00 [-0.34, 0.34] -
Ong etal. 2016 {Singapure) 49 21 120 486 23 TFY90 127% 0.40 [-0.01,0.81] |‘—
Rodriguez et al. 2015 {Spain) 494 21 598 495 22 1786 20.3% -0.10[-0.30,0.10]
Yiliakainen et al. 2010 (Finland) 51 149 49 505 19 49 58% 0.50 [-0.25,1.25] T
Zhou etal. 2014 (China) 495 1.9 370 493 21 1583 19.5% 0.20[0.02,0.42] i
Total (95% CI) 2031 4898 100.0% 0.12[-0.09, 0.33] $
Heterogeneity: Tau?= 0.04; Chi*=16.27, df= 6 (P = 0.01); F= 63% t t t t
Testfor overall effect Z=1.14 (P = 0.25) i -2 0 2 E
Favours [=50 nmoliL] Favours [=50 nmoliL]
Birth Head Circumference
< 50 nmolL = 50 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Chietal 2018 {China) 346 06 B0 342 07 80 14.6% 0.40[0.20, 0.60] N
Dalgard et al. 2016 {Denmark) 3BE 1.3 112 368 14 8926 145% 0.00 [-0.26, 0.26] = i
Gale etal. 2008 (LK) 381 1.3 234 352 1.3 232 146%  -010[0.34,014)] =
Hanieh et al. 2014 {/ietham) 328 21 582 332 21 378 145% -040[067,-0.13] ——
Rodriguez et al. 2015 (Spain) 343 14 596 342 14 1786 148% 010 [0.03,0.23] i
Yiljakainen et al. 2010 {Finland) 357 14 49 355 16 49 131% 0.20 [-0.40, 0.80] —
Wang et al. 2018 (China) 342 37 575 378 2.8 300 139% -360[-4.04-3.16) +—
Total (95% CI) 2228 3751 100.0%  -0.47[-1.11,0.16]

Heterogeneity: Tau®= 0.70; Chi*= 283.68, df=6 (P < 0.00001); = 98%
Testfor overall effect: Z=1.46 (F =0.14)

2 a4 0 1 2
Favours [=50 nmolil] Favours [=50 nmolil]

Fig. 3 Forest plots showing the association of maternal vitamin D concentrations (<50 and 250 nmol/L) with anthropometric measures at birth

caused asymmetry, was excluded (P =52%), maintaining
the estimated effect (Supplemental Fig. 4).

Maternal status of vitamin D and
neurodevelopment

Vitamin D-insufficient mothers had children with lower
scores in the mental development test (Fig. 7). Although
here there was significant heterogeneity (I*=70%), the
heterogeneity decreased significantly when the study by Chi
et al., which caused asymmetry, was excluded (P =5%),
maintaining the estimated effect (MD —0.67 points, 95% CI
—0.95 to —0.40; Supplemental Fig. 5).

There were no significant differences in language devel-
opment scores when comparing children of vitamin D-

insufficient mothers with vitamin D-sufficient mothers, with
significant heterogeneity (> =78%). The heterogeneity
decreased significantly when the study by Darling et al.
(6 months), which caused asymmetry, was excluded (> =
43%), observing a significant effect in the association between
maternal vitamin D status and language development (MD
—1.12 points, 95% CI —1.82 to —0.42; Supplemental Fig. 5).
There were no significant differences in the motor
development scores between children born to vitamin D-
insufficient mothers and children of vitamin D-sufficient
mothers with significant heterogeneity (> =65 %). The
heterogeneity decreased significantly when the study by
Zhu et al. (2015), which caused asymmetry, was excluded
(P = 48%), maintaining the estimated effect (MD —0.13
points, 95% CI —0.50 to 0.23; Supplemental Fig. 5).
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Small for Gestational Age

< 30nmoliL = 30 nmolL Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Aydogmus et al. 2015 (Turkey) 11 66 4 82 34% 3.80[1.18,12.89]
Bodnaretal. 2010 {LLS.A) 25 150 86 336 101% 0.58 [0.35, 0.95] —
Boyle et al. 2016 (New Zealand) 12 76 158 1634  7.9% 1.75[0.93,3.32] T
Burris etal. 2012 (LU.5.A) 7 47 46 1086  5.6% 3.96 [1.68,9.31] e —
Gernand etal 2014 (U.S.A) 18 g9 85 703 9.0% 1.84[1.05, 3.24] —
Gernand etal. 2013 (U.5.A) 186 746 238 1400 14.9% 1.28[1.03,1.61] =
Gould et al. 2017 (Australia) g a4 50 956  4.8% 1.15[0.44, 2.96] I ha—
Leffelaar et al. 2010 (Netherlands) 127 861 216 2869 147% 2.13[1.68, 2.69] -
Perez Ferre et al. 2012 {Spain) 2 44 4 222 1.8% 2.60[0.46,14.63] —
Schneuer et al. 2014 (Australia) 166 952 466 3592 15.4% 1.4201.17,1.72] -
Zhu et al. 2015 (China) 55 447 78 1044 12.4% 1.741.21, 2.50] =
Total (95% CI) 3562 13924 100.0% 1.59[1.24, 2.03] k-3
Total events 584 1432

Heterogeneity: Tau®= 0.09; Chi*= 34.21, df=10 (P = 0.0002); F=71%
Test for overall effect: Z= 3.67 (P =0.0002)

Preterm Birth

0.0m 0.1 10 100
Favours [= 30nmolil] Favours [= 30nmolil]

-

Heterogeneity: Tau®= 0.16; Chi*= 31,50, df= 10 (P = 0.0005); = 53%

< 30nmolL =30 nmolL Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Arija etal. 2014 {Spain) 5 197 11 230 6.2% 0.52[0.18,1.52] —
Aydogmus et al. 2015 {Turkey) 1 66 1 a2 1.3% 1.25[0.08, 20.31]
Boyle etal. 2016 {New Zealand) 4 76 69 1634 6.5% 1.26 [0.45, 3.59] —
Barebring etal. 2018 1T (Sweden) g 198 69 1789  9.3% 1.05[0.50, 2.22] I —
Barebring etal. 2018 3T (Sweden) 9 198 48 1789  9.5% 1.73[0.83, 3.58] T
Gould et al. 2017 {Australia) 2 g4 34 956 41% 0.66 [0.16, 2.80] L
Miliku et al. 2016 (Netherlands) 108 1855 233 5243 16.2% 1.341.06,1.70] =
Perez Ferre et al. 2012 (Spain) 17 44 28 222 96% 4.36([2.11,9.00] e
Schneuer et al. 2014 {Australia) 92 878 321 3447 161% 1.14[0.89, 1.46] ™
Shand etal. 2010 (Canada) 18 67 91 183 11.0% 0.37 [0.20, 0.69] —
Wetta et al. 2014 {U.5.4) 17 43 73 224 10.2% 1.35[0.69, 2.65] =
Total (95% CI) 3706 15799 100.0% 1.16 [0.83, 1.62]
Total events 282 978

1

Test for averall effect: 2= 0.88 (P =0.38)

0.0 0.1 10 100
Favours [= 30 nmolil] Favours [= 30 nmaol/L]

Fig. 4 Forest plots showing the association of maternal vitamin D concentrations (<30 and >30 nmol/L) with small for gestational age (SGA) and

preterm birth (PTB)

Discussion

The findings of the present meta-analysis indicate that the
adverse neonatal outcomes of low 25(OH)D concentrations
during pregnancy depends on the level of deficiency.
Maternal vitamin D deficiency (<30 nmol/L) has an effect
on offspring anthropometric parameters, being associated
with lower birthweight and HC in their offspring (compared
to mothers with concentrations >30 nmol/L); both vitamin D
deficiency and insufficiency (<50 nmol/L) are related to a
higher risk of SGA and PTB. Maternal 25(OH)D con-
centrations >75 nmol/LL were not observed to be associated
neither with birthweight, nor SGA nor PTB. Meanwhile, in
this meta-analysis we have observed that maternal vitamin
D insufficiency is related to poorer neurodevelopmental
outcomes in their offspring.

Regarding birthweight and HC, maternal vitamin D defi-
ciency was associated with a reduction of 87.82 g (—119.73
to —55.91) of infant birthweight and with a reduction of 0.19
cm (—0.32 to —0.06) of HC, respectively. No difference was

SPRINGER NATURE

observed neither in birthweight nor in HC of newborns whose
mothers were vitamin D insufficient and those with 25(OH)D
concentrations >50 nmol/L. during pregnancy. Our results
support the conclusions of some previous research [31, 32,
34, 36, 48], although this association has not been found in
other previous studies [17, 25, 36, 37, 49-58]. Certainly,
differences in the specific criteria used to define the cut-off
point for vitamin D deficiency could contribute to the dif-
ferences observed. Particularly, in our study we have used
three cut-off points according to the recommendations of the
IOM and the Society of Endocrinology [40].

Regarding HC, to date, very few studies have linked
maternal vitamin D status to child HC, with mixed findings
[7, 8, 11, 32, 50, 52, 54, 56, 59]. Although to date there is
no cut-off point associated with lower HC in offspring,
recent studies confirm that vitamin D supplementation
during pregnancy increases both infant length and HC at
birth (MD: 0.43, 95% CI: 0.03 to 0.83) [60]. To date, the
mechanisms implied in the role of vitamin D in birthweight
have been proposed and previous work evidences that
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Small for gestational Age

< 50 nmollL = 50 nmoliL Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bodnar etal. 2010 {(U.5.A) 47 175 64 237 58% 0.99 [0.64, 1.54] —
Boyle et al. 2016 {New Zealand) 47 368 123 1342 B1% 1.45[1.01, 2.08] —
Burris etal. 2012 {U.5.A) 25 361 28 T2 54% 1.98[1.14, 3.44] —
Chen etal. 2015 {China) 225 1045 99 2253 6.5% 5.97 [4.65, 7.66] ==
Choi etal. 2015 (Korea) 14 170 ] 50 41% 0.44 [0.18,1.08] —
Eartl et al. 2011 {USA) 108 656 42 494 61% 212[1.45 3.09] i
Fernandez Alonso et al 2012 (Spain) 9 109 a7 3587 4 6% 0.78 [0.36,1.67) e
Gernand etal. 2014 {U.5.A) 43 290 55 502 59% 1.61 [1.08, 2.45] ——
Gould et al. 2017 {Australia) 25 442 30 598 54% 1.14 [0.66, 1.96]  —
Leffelaar et al 2010 {(MNetherlands) 202 1658 141 2072 6.5% 1.90 [1.52, 2.38] ==
Morgan et al. 2016 {Canada) 7T 333 224 995  6.3% 1.04 [0.77,1.39] =
Ong etal. 2016 (Singapure) 10 120 73 790 4.8% 0.89 [0.45,1.78] I
Perez Ferre et al. 2012 {Spain) 2 157 4 108 20% 0.34 [0.06, 1.88] E —— —
Rodriguez et al. 2015 {Spain) 40 400 197 1942 B1% 0.98 [0.69, 1.41] o
Schneuer etal. 2014 (Australia) 276 1764 356 2780 B.E% 1.26 [1.07, 1.50] —~
Setoetal 2016 {U.8.A) 42 268 14 170 51% 2.07 [1.08,3.92] — =
YWeinert et al. 2016 (Brazil) 17 93 5 86 35% 3.40[1.20, 9.65] —
Zhou et al. 2014 {China) 4 559 724 3.0% 2.46[0.72,8.45] I
Zhu etal. 2015 {China) 72 745 61 746 BA1% 1.20[0.84,1.72] T
Total (95% Cl) 9718 18696 100.0% 1.43[1.08, 1.91] L3
Total events 1291 15649
Heterogeneity: Tau®= 0.31; Chi*= 163.85, df=18 (P = 0.00001); F= 89% F t t i
0.0 0.1 1 10 100

Testfor overall effect Z=2.49 (P =0.01)

Favours [= 50 nmolil] Favours [= 50 nmal/L]

Preterm Birth

< 50 nmolL = 50 nmollL Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Arija etal. 2014 (Spain) 11 339 5 88 2.0% 0.56 [0.189, 1.65] — 1
Bakeretal. 2011 (U.S.A) 3 11 37 149 1.3% 1.14 [0.29, 4.50] ——
Bodnar etal. 2015 (U.5.A) 317 498 808 1829 88% 2.21 [1.80,2.71] =
Boyle et al. 2016 (New Zealand) 18 358 55 1342 50% 1.24[0.72,2.14] N
Barebring et al. 2018 1T (Sweden) 23 489 54 1478 5.4% 1.30 [0.79, 2.14] -
Barebring et al. 2018 3T (Sweden) 12 489 43 1478 41% 0.84 [0.44,1.61] i
Choietal. 2015 (Korea) 7170 2 50 1.0% 1.03[0.21,5.13]
Fernandez Alonso et al 2012 (Spain) 7104 26 357 2.8% 0.87 [0.37, 2.07] . —
Flood Nichols etal. 2015 (U.S.A) 1 24 ] 21 0.6% 0.98[0.12, 8.08]
Gould etal. 2017 (Australia) 15 442 21 598 3.9% 0.97 [0.49,1.89] S
McDonell et al. 2017 {(L.S.A) 49 248 90 816 67% 1.99 [1.36, 2.91] I
Miliku et al. 2016 {Netherlands) 217 3774 153 3324 87% 1.26 [1.02,1.56] e
Morgan et al. 2016 (Canada) 51 307 172 942 7.2% 0.89 [0.63, 1.26] i
Perez Ferre et al. 2012 (Spain) 36 157 ] 109 3.3% 3.31[1.52,7.19] —_—
Schneuer et al. 2014 (Australia) 170 1658 243 2667 88% 1.14 [0.93,1.40] ™
Shand et al. 2010 {Canada) 33 1186 25 108  45% 1.27 [0.70,2.33] I A
Tahatabaei et al. 2017 (Canada) 41 161 72 311 5.0% 1.13[0.73,1.76] i
Thaorpetal. 2012 (U.S.A) 35 71 96 194 50% 0.99 [0.58, 1.71] h—
Wagner etal. 2016 (U.S.A) 14 82 36 427 40% 224115, 4.37] =
Yang et al. 2016 (China) 30 84 16 54 35% 1.32 [0.63, 2.75] I —
Zhu,T etal 2015 (China) 71 306 109 515 7.2% 1.13[0.80, 1.58] T
Total (95% CI) 9893 17044 100.0% 1.28[1.08, 1.52] L 2

Total events 1161 2082
Heterogeneity: Tau®= 0.08; Chi*=51.91, df= 20 (P = 0.0001); F=61%
Testfor overall effect: Z=2.87 (P = 0.004)
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Fig. 5 Forest plots showing the association of maternal vitamin D concentrations (<50 and >50 nmol/L) with small for gestational age (SGA) and

preterm birth (PTB)

vitamin D has a crucial role in the foetal bone development
[61]. Placental vitamin D receptor (VDR) plays a pivotal
role during pregnancy and maternal VDR gene poly-
morphisms have been demonstrated to influence birth-
weight with differential effects accruing across racial groups
[62, 63]. Recently, it has been proposed that maternal
vitamin D concentrations during pregnancy is determinant
of offspring telomere length, which is correlated positively

with newborn body weight [64]. Further studies are war-
ranted to clarify the mechanisms behind it.

In this meta-analysis, no effect was observed in birth
length (by using two different cut-off levels). These results
are in line with two previous systematic review and meta-
analysis of observational studies that did not find associa-
tions [32, 37, 65], suggesting that maternal vitamin D status
has no effect on birth length.
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Birthweight
<75 nmollL =75 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Burris etal. 2012 {L.5.A) 3,533 522 904 3510 250 229 239%  23.00[23.97, 69.97] T
Gale etal. 2008 (LK) 3,342 530 350 3430 510 116  B.1% -B8.00[196.15, 20.15] ——
Ong etal. 2016 {Singapure) 3125 460 361 3,091 447 548 166% 34.00[26.41,94.41] T
Rodriguez etal. 2015 (Spain) 3,254 479 1197 3,253 481 1185 307% 1.00 [-37.55, 38.55] ——
Zhu etal. 2015 {China) 3,395 454 1044 3355 434 447 22T7% 40.00 [-8.76, 88.76] T
Total (95% CI) 3856 2526 100.0% 15.15[-12.73, 43.04] ?
Heterogeneity: Tau®= 27216, Chi*=5.49 df= 4 (P=0.24), F= 27% t t T t t
Test for overall effect: Z= 1.07 (P = 0.29) -200 -100 0 100 200
Favours [=75 nmolil] Favours [=75 nmoliL]

Small for Gestational Age

<75 nmollL =75 nmolL Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Bodnaretal. 2010 (U.5.A) 65 273 46 139 11.5% 0.63 [0.40, 0.99]
Boyle et al. 2016 (New Zealand) 90 966 a0 914 17.8% 1.07 [0.78,1.47] =M™
Burris etal. 2012 (LU.5.A) 47 404 B 229 4.0% 2.04 [0.86, 4.83]
Margan et al. 2016 (Canada) 196 889 105 439 208% 0.90 [0.69,1.18] T
Ong etal. 2016 (Singapure) 30 38 X} 549 10.8% 0.85[0.53, 1.36] — T
Rodriguez et al. 2015 (Spain) 129 1187 108 1185 2049% 1.20[0.82,1.68] T
Zhu et al. 2015 {(China) 91 1044 42 447 14.2% 0.92 [0.63,1.35] ———
Total (95% CI) 5634 3902 100.0% 0.98 [0.81, 1.17]
Total events 648 440

Heterogeneity: Tau*=0.02; Chi*=9.84 df=6 (P=0.13), F=39%

0.5 1 7 5

Testfor overall effect Z= 0.27 (P = 0.79) 0z
Favours [=75 nmol] Favours [=75 nmol]

Preterm Birth

<75 nmollL =75 nmoliL Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Arija etal. 2014 (Spain) 16 420 i 7 0.8% 0.61[0.03,11.17]
Bakeretal. 2011 (U.S.A) 11 43 28 117 BE% 1.04 [0.47,2.33] .
Bodnar etal. 2015 (U.5.A) 73 1352 395 975 164% 1.73[1.46, 2.04] ==
Boyle et al. 2016 (New Zealand) 34 910 39 873 1M1.2% 0.83[0.52,1.33] T
Barehring etal. 2018 1T (Sweden) 53 1277 24 BY90 108% 1.20[0.74, 1.96] i
Barehring etal. 2018 3T (Sweden) 41 1277 14 690 B.9% 1.60[0.87, 2.96] T
Flood Nichols et al. 2015 {IJ.5.A) 7 165 3 TO 3.0% 0.99 [0.25, 3.94] S E—
Miliku et al. 2016 (Netherlands) 305 5393 65 1705 14.8% 1.511[1.15,1.99] -
Morgan et al. 2016 (Canada) 133 825 90 424 14.3% 0.71[0.53, 0.96] -
Zhu,T etal. 2015 (China) 130 567 a0 254 131% 1.21[0.84,1.75] ™
Total (95% CI) 12229 5805 100.0% 1.18[0.91, 1.54]
Total events 1461 7049
Heterogeneity: Tau®*=0.10; Chi®= 32.58, df=9{P = 0.0002); F=72% f f 1 f 1
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Testforoverall effect Z=126 (P =0.21)
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Fig. 6 Forest plots showing the association of maternal vitamin D concentrations (<75 and 275 nmol/L) with birthweight, small for gestational age

(SGA) and preterm birth (PTB)

In our systematic review, we found an increased risk of
SGA in offspring born to women with both maternal vita-
min D deficiency and insufficiency during pregnancy,
showing that having serum 25(OH)D concentrations <50
nmol/L in pregnancy are sufficient to increase the risk of
SGA infants. It is noteworthy that four out of five previous
meta-analysis that focussed on vitamin D status during
pregnancy and SGA [32, 34, 36, 37, 60] confirm our results
and that the only one that found no significant effect of
vitamin D supplementation on the risk of SGA included
analyses that were heterogeneous in terms of dose, type,
duration and the 25(OH)D concentrations assessed at
delivery and varied from 7.5 to 147 nmol/L [31].
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The discrepancies observed in anthropometric para-
meters could be in part explained by inconsistencies
across published studies in definition of cut-offs for 25(OH)
D deficiency (i.e. <10 [49], <20 [57], <37.5 [25] and <50
[52, 55]), time of sampling (i.e. early [56] or late pregnancy
[53, 54]), specimens used to assess 25(OH)D concentrations
(most of them in maternal blood [25, 36, 49, 51-58] and
some of them in cord blood [17, 50]), heterogeneous
populations involved (i.e. African [49], Caucasian [17, 36,
53, 54, 56, 57], Indian [52] or Vietnamese [25] women)
seasonal differences (summer vs winter), the number of
subjects and significant heterogeneity found in previous
meta-analysis [37]. Meta-regression analyses were
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Mental Development

< 50 nmolL =50 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Arija etal. 2014 40 days (Spain) 1013 8.8 338 1041 841 88  86% -2.80[4.73,-0.87] I
Chietal. 2018 6 months {China) 977 74 a0 104 9 80 BO0% -B30[2.81,-3.79] ¢
Gould etal. 2017 18 months (Australia) 1027 126 181 10241 141 A2 8.7% 0.60 [-2.00, 3.20] — 1
Gould etal. 2017 4 years (Australia) 1002 129 137 1018 107 158  52%  -1.60[4.331.13] — T
Hanieh et al. 2015 6 months {Vietham) 1047 101 582 1054 101 378 133%  -070[-2.01,061] — T
Keim et al. 2015 8 months (U.5.4) 784 78 2240 TBY 65 1585 225% -0.50[0.45 -0.05] ]
horales etal. 2012 14 months (Spain) 100.2 134 320 101.2 1445 1500 105% -1.00 [-2.64, 0.64] = =T
Tylasky etal. 2015 24 months {U.S.A) 91 24 425 9.8 26 595 237% -0.70[1.01,-0.39] o
Zhu et al. 2015 16- 18 months (China) 1045 114 291 104 118 72 45% 0.50 [-2.48, 3.48]
Total (95% CI) 4564 4628 100.0% -1.12[-1.82,-0.42] ’
Heterogeneity: Tau®=0.52; Chi®= 26.46, df= 8 (P = 0.0008), F=70% t t t t
Testfor overall effect: Z= 3.12 (P = 0.002) -4 -2 0 2 4

Favours [=50 nmolil] Favours [= 50 nmolil]
Language Development
< 50 nmollL =50 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Random, 95% CI
Arija etal. 2014 40 days (Spain) 96 83 338 97 84 88 78% -1.00[2.97 087 T
Darling et al. 2017 18 months (LK) 575 175 21120 571 167 4160 17.7% 0.40 [-0.50,1.30] T
Darling et al. 2017 6 manths (U.K) 1031 181 2060 1018 175 4040 171% 1.30[0.35, 2.29] =
Gould et al. 2017 18 months {(Australia) 971 148 151 98 127 170 39% -090[3.94 214] S TR
Gould et al. 2017 4 years {Australia) 946 143 133 867 128 137 3.6% -210[5.32,1.12] - —
Tylasky et al. 2015 24 months EL (U.5.A) 94 24 425 102 28 5385 251% -0.80[1.12,-048]
Tylasky et al. 2015 24 months RL (U.5.4) 89 25 425 499 3 895 249% -1.00[1.34,-0.66]
Total (95% CI) 5652 9785 100.0% -0.35[-1.00, 0.31] ﬁ
Heterogeneity: Tau®= 042, Chi*= 26.97, df=6 (P = 0.0001); F=78% t t T t t
Test for overall effect Z= 1.04 (P = 0.30) -10 -5 0 5 10
Favours [=50 nmolil] Favours [= 50 nmolil]

Motor Development

<50 nmollL =50 nmollL Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Rand 95% CI IV, Rand 95% CI
Arija etal. 2014 40 days (Spain) 107.7 1.7 338 108 108 a8 2.5% -0.30[-2.88, 2.28]
Chi et al. 2018 6 manths {China) 89.3 ] 80 957 134 80  15% -6.40[-9.94,-285 ——
Darling et al. 2017 18 manths {U.K) 6 112 2115 812 12 41585 11.0% 0.40[-0.20,1.00] R
Darling etal. 2017 18 months MF (UK) 1213 14 2112 1213 136 4157 101% 0.00[-0.73,0.73] =
Datling etal. 2017 30 months (UK} 8.6 11.3 1982 886 11.3 3862 109% 0.00[0.61, 0.61] |
Darling et al. 2017 30 months MF (LK) 1195 16.8 1983 1204 17.2 3872 8.7% -0.890[-1.82,0.02] e
Datling etal. 2017 42 months MF (UK) 1345 186 1354 1354 186 3768 7.2%  -090[2.06, 0.26] E——
Datling et al. 2017 42 months {U.K) 120 163 1926 120 163 3770 8.9% 0.00[-0.89, 0.89] T
Darling etal. 2017 & months (U.K) 623 215 2117 623 211 4125 T.4% 000[F1.12,1.13) ! Ea—
Darling et al. 2017 & months MF (U.K) 959 286 2004 945 281 3876 5.3% 1.40[-0.13,2.93] i
Gould etal. 2017 18 months {Australia) 1035 11.2 151 1026 101 172 3.0% 0.901[-1.44, 3.24]
Hanieh et al. 2015 & months (Wietham) 1108 134 582 1108 134 3rs 4.6% 0.00[-1.73,1.73]
Keim etal. 2015 8 months (LL5.A) 324 53 2240 326 452 1585 126% -0.20[-0.54,0.14]
Morales et al. 2012 14 months {Spain) 99.8 13.2 320 1004 148 1500 50% -0.60[-2.23,1.03) .
Zhu et al. 2015 18- 18 months (China) 1055 135 291 98.2 146 72 1.4%  7.30([3.59,11.01] m—
Total (95% CI) 19595 35460 100.0%  -0.06 [-0.51,0.40] *

Heterogeneity: Tau®= 0.40; Chi*= 40.24, df= 14 (P = 0.0002); F= 65%
Test for overall effect: Z=0.24 (P = 0.81)

t t t t t
-4 -2 1] 2 4
Favours [=50 nmol/l] Favours [= 50 nmoliL]

Fig. 7 Forest plots showing the association of maternal vitamin D concentrations (<50 and 250 nmol/L) with children's neurodevelopmental scores

(mental, language and motor)

performed to assess whether the heterogeneity observed
may be further explained by differences in ethnic diversity.
However, we only were able to study this relationship in
two anthropometric outcomes. Particularly, we found that
ethnic differences did not influence the association between
maternal vitamin D concentrations and birthweight or risk
of SGA infants, although a trend to lower effects of
maternal vitamin D deficiency on birthweight in the Asian
ethnic group and a trend to lower effects of maternal vita-
min D insufficiency on SGA in the white ethnic group was

observed. We hypothesize that other variables, such as
poverty, food deprivation, etc., may affect vitamin D-
deficient groups more than vitamin D-sufficient groups and
that may affect birth anthropometric outcomes more than
vitamin D. Since there are many ongoing or planned trials
of prenatal vitamin D taking into account confounding
factors and different cut-offs, these data will help us to
improve the available evidence about this issue.

Overall, in this particular meta-analysis, both maternal
vitamin D insufficiency and deficiency were found to be
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associated with an increased risk of PTB. Despite the fact
that three previous meta-analysis of randomized controlled
trials RCTs found that the incidence of PTB was not
influenced by vitamin D supplementation during pregnancy
[31, 34, 36], none of them assessed maternal vitamin D
concentrations before and after supplementation. PTB is
believed to result from an inflammatory response for
approximately 30% of PTB cases. In fact, labour is an
inflammatory process and a balance between innate and
adaptive immune cells is required to sustain pregnancy and
an alteration of this balance may lead to PTB [66]. It
has already been said that vitamin D deficiency may acti-
vate inflammatory pathways and alter spontaneous PTB risk
[67, 68]. Increased production of inflammatory cytokines
has been reported in pregnant women with vitamin D
deficiency [69]. It would have been interesting to assess
concentrations of pro-inflammatory cytokines or C-reactive
protein in these women to test this hypothesis. Although
dietary intake of vitamin D has been associated with the
normal function of the immune system, the mechanisms that
lead to PTB/labour are poorly understood and more studies
are needed to determine benefits of vitamin D to immune
function during pregnancy. Recently, both maternal and
foetal VDR polymorphisms have been related to PTB [70].

To date, few studies have assessed the impact of vitamin
D deficiency at preconception period on neurodevelop-
mental outcomes in their offspring. In our meta-analysis, we
only found that children born to vitamin D-insufficient
mothers showed a poorer mental and language develop-
ment. Associations between 25(OH)D deficiency during
pregnancy and cognitive and language development have
been also previously reported in previous studies involving
women from China, Australia, Vietnam, USA and Spain
[17,22-25, 27]. Although other studies found no significant
associations between maternal 25(OH)D concentrations and
behaviour or verbal intelligence quotient (IQ) in children
[26, 53], maternal vitamin D concentrations were assessed
at different time points. In line with this, previous studies
have identified poorer outcomes on offspring of pregnancies
in which the first and second trimesters were in winter or
spring [71]. Indeed, regarding both mental and language
developmental outcomes, there was a trend to larger effect
sizes in the studies that measured maternal 25(OH)D con-
centrations early in pregnancy, coinciding with prenatal
brain development when cell differentiation and the for-
mation of nervous system structures occur [22, 72]. Fur-
thermore, inconsistent results may also be explained by
different time points of neurodevelopmental assessments.
Indeed, the interactions between the prefrontal cortex and
hippocampus play an important role in various cognitive
and language functions [73] and the frontal lobe has been
demonstrated to show a peak rate growth rate from 9 to
12 months of age [74]. Therefore, we suggest that the
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adverse effects of maternal vitamin D status during preg-
nancy on neurocognitive development could more likely
affect early child development and even some of them
would persist into childhood, and other postnatal factors
(including breastfeeding duration, socioeconomic status
(SES), maternal mental health, IQ, nutrition, gut microbiota,
etc.) could exert beneficial effects on the developing brain
[75-77], minimizing the impact of prenatal vitamin D
insufficiency on offspring outcomes. Although in our meta-
analysis-stratified analysis in mental development did not
confirm this hypothesis, sample size was limited (<6 stu-
dies) and we were not able to control for this factor.

Regarding motor development, we did not find associa-
tions between maternal 25(OH)D concentrations and motor
development. Our findings are consistent with two previous
studies [13, 78], conducted in Australia and China,
respectively, which found that cord blood 25(OH)D con-
centrations were not correlated with motor development
assessed at 18 months of age. On the contrary, two previous
studies suggested that prenatal vitamin D deficiency could
be related to poorer motor development [27, 30]. One
potential explanation could be differences in time of neu-
rodevelopmental assessments (40 days, 6, 8, 14, 18, 30 and
42 months of age). For some authors, the development of
motor functions in children is related to a greater degree of
neural maturation and synaptic plasticity [79] and myeli-
nation has been used as a criteria to assess the level of brain
maturation. Despite the fact that myelination begins during
early life, at birth only some areas are myelinated and the
different regions of the cerebral cortex are myelinated at
different stages. In particular, the gross-motor development
has been correlated with a good myelination of the pyr-
amidal tract (50% myelinated by 1 year), whereas the fine-
motor development of children that develops later has been
related with the myelination of the association areas.

Our study suffers from several limitations in large part
due to the nature of the studies and the data available.
Some studies have adjusted for possible confounding fac-
tors [6, 10, 12-15, 17, 48, 50, 51, 54-56, 61, 62, 80-88],
while others have not [5, 49, 53, 59, 89]. It is well known
that poverty, ethnicity and other deprivation affect vitamin
D-deficient groups more than vitamin D-sufficient groups
and these social factors may affect birth outcomes more
than vitamin D does. Differences in women’s adiposity may
also contribute to 25(OH)D concentrations and could in part
explain the high heterogeneity of pooled data for some
variables studied. However, most of the studies included in
our meta-analysis showed that the association between
maternal 25(OH)D concentrations and child’s outcomes
remains statistically significant after adjusting for con-
founding variables [6, 8-10, 14, 15, 51, 57, 61, 62, 80, 83,
87, 90-92]. Different assay techniques were used to mea-
sure maternal vitamin D concentrations. Some of our



Vitamin D status during pregnancy and offspring outcomes: a systematic review and meta-analysis of...

analyses included few studies. Although there is no minimal
number of studies to be used in a meta-analysis, we provide
results using <6 in order to observe those results, and even
<6 is too low to draw conclusions from. It would be
interesting to study the association between maternal 25
(OH)D concentrations 230 and >75 nmol/L during preg-
nancy and neurodevelopmental outcomes in the offspring.
However, we were unable to find more than three studies in
the literature that fit our criteria. Future studies should
consider different cut-off levels of vitamin D in predicting
the risk for adverse neurodevelopmental outcomes in the
offspring. Accordingly, previous data suggest an inverted-
U-shaped relation between neonatal vitamin D status and
neurocognitive development in toddlers [78]. Future
research is needed to understand the implications of these
associations in neurodevelopmental outcomes.

There are several methodological strengths of the present
study. To our knowledge, this is the first meta-analysis that
assessed the effect of maternal vitamin D insufficiency on
neurodevelopmental outcomes and, in particular, in mental,
language and motor domains. The number of studies
included in this review (n = 54), including data on >67,484
women—child pairs, the diversity of cultures, ethnic groups,
latitudes, seasons and women’s age, could make these
results generalizable to a wider population. The data were
pooled based on three different cut-off values for 25(OH)D
concentrations (30, 50 and 75 nmol/L). From the funnel
plots in this study, we conclude that there was no obvious
publication bias. Study quality assessed using the STROBE
criterion was high in 2/3 of the studies. We controlled for
heterogeneity among studies included in our meta-analysis.

In conclusion, the present work highlights the inter-
generational impact of vitamin D deficiency, insufficiency
and suboptimal vitamin D status during pregnancy and
indicates that the adverse neonatal outcomes of low 25(OH)
D concentrations during pregnancy depends on the level of
deficiency. In particular, we found that maternal 25(OH)D
deficiency during pregnancy is associated with lower
birthweight, HC (not being affected by concentrations <50
nmol/L), SGA and PTB; insufficiency is related with a
higher probability of having infants with SGA and PTB and
suboptimal levels (275 nmol/L) are not related with birth-
weight, SGA and PTB. Furthermore, this meta-analysis
shows for the first time that maternal vitamin D insuffi-
ciency is associated with a poorer cognitive and language
development in the offspring. Further investigation at dif-
ferent stages of pregnancy and development, by using dif-
ferent cut-off levels, etc., is needed to confirm these results.

Assessing vitamin D status in pregnant women and iden-
tifying the factors responsible for vitamin D deficiency during
pregnancy (SES, ethnicity, inadequate sunlight exposure,
environmental pollution, low dietary consumption of vitamin
D, etc.) are essential for both maternal and offspring health.
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