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Maternal and cord blood vitamin D status and childhood
infection and allergic disease: a systematic review

David A. Fried, Jane Rhyu, Karen Odato, Heather Blunt, Margaret R. Karagas, Diane Gilbert-Diamond

Context: It is unclear how in utero vitamin D deficiency affects the extraskeletal
health of children, despite the known risks for adverse pregnancy/birth outcomes.
Objective: This systematic review seeks to assess the effect of in utero vitamin D ex-
posure on childhood allergy and infection outcomes using the PRISMA guidelines.
Data Sources: MEDLINE, Cochrane Library, and Web of Science databases were
searched. Study Selection: Literature published through April 2015 was searched
for studies reporting on the association between maternal pregnancy or cord blood
vitamin D status and childhood allergy and infection. Data Extraction: Of 4175
articles identified, 43 studies met the inclusion criteria. They examined a wide var-
iety of outcomes, using many different vitamin D cutoff values in their analyses.
Data Synthesis: For most outcomes, results were inconsistent, although there ap-
peared to be a protective effect between higher in utero vitamin D status and child-
hood lower respiratory tract infection (5 of 10 studies). Conclusions: More research
is needed on childhood allergy and infection outcomes, and future studies should
standardize outcome reporting, especially with regard to cutoff values for vitamin
D concentrations. Evidence of a protective association between in utero vitamin D
exposure and lower respiratory tract infection was found, while the other outcomes
were either understudied or showed inconsistent results.

PROSPERO registration no. CRD42013006156.

INTRODUCTION

Vitamin D deficiency is a widespread, global health
concern, especially in industrialized countries and in
people with darker skin pigmentation.'” Deficiency
exists in nearly all populations, including children and
pregnant women.>* This prevalent deficiency is con-
cerning because vitamin D is a hormone with wide-
ranging and only partially understood effects in the
human body. Substantial evidence supports the import-
ance of vitamin D for calcium homeostasis and bone
health, and a growing body of evidence is accumulating
for the extraskeletal effects of vitamin D on the

outcomes of infection, allergy, autoimmune disease,
cardiovascular disease, and cancer.”™

Vitamin D is a group of fat-soluble secosteroids that
exist in a number of forms. Initially, a form of calciferol
(either cholecalciferol [vitamin Ds;] or ergocalciferol
[vitamin D,]), which is an inactive provitamin, is pro-
duced in the skin upon exposure to ultraviolet B radi-
ation (Dj3) or is ingested through foods and supplements
(D3 or D). Calciferol is then converted in the liver to the
major circulating metabolite, the prehormone calcifediol
[25(OH)D], before it is hydroxylated, primarily in the
kidneys, to the active hormone, calcitriol [1,25(0OH),D].
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Parathyroid hormone regulates 1,25(0OH),D production
in response to serum calcium levels. Because of this,
1,25(OH),D levels can be normal in vitamin D-deficient
states, as parathyroid hormone levels increase in an effort
to maintain calcium concentrations. Physicians and re-
searchers most commonly use 25(OH)D as a marker of
vitamin D status because it is outside of the direct influ-
ence of parathyroid hormone and has a long half-life of 2
to 3 weeks, accurately reflecting vitamin D status in the
body."

There are no universally agreed upon cutoff values
for defining vitamin D deficiency in any population be-
cause data about the extraskeletal effects of deficiency
are controversial and incomplete. A 25(OH)D level of
50 nmol/L is currently deemed adequate for skeletal
health, but many experts advocate for 75nmol/L
25(OH)D as the threshold for positively affecting extra-
skeletal health.®'"'> Some research even points to levels
greater than 100nmol/L as being optimal."” Corre-
spondingly, current supplementation guidelines are
constantly changing as new information emerges about
the effects and safety profile of vitamin D.

Basic science research has revealed a variety of
ways that vitamin D affects the immune system. For in-
stance, macrophages are able to synthesize their own
1,25(0OH),D and use it to increase the synthesis of cath-
elicidin, a potent antimicrobial peptide.'* Evidence
from animal and human studies has shown that, besides
affecting the innate immune response, vitamin D also
helps shift the adaptive immune system away from a
proinflammatory TH1 phenotype to a more balanced
phenotype with increased T regulatory cells - intriguing
data for allergy and autoimmune disease."”™'® Vitamin
D, therefore, may have important effects on the de-
veloping immune system, potentially influencing the
health of young children throughout their lives.

Many groups now research the effects of in utero
vitamin D exposure on maternal and childhood out-
comes; however, there is still no consensus on the ef-
fects of vitamin D on extraskeletal health in any age
group. A recent systematic review and meta-analysis
showed an association between lower maternal
25(OH)D levels during pregnancy and increased risk of
poor obstetric and birth outcomes such as gestational

diabetes, preeclampsia, bacterial vaginosis, and small-
for-gestational-age births."” As no such expansive sys-
tematic review exists for in utero vitamin D exposure
and childhood infection and allergy outcomes, this re-
view aims to shed light on these topics. To assess the ef-
fects of in utero vitamin D exposure on subsequent
childhood immune function, randomized controlled
supplementation trials as well as observational studies
that assessed vitamin D status in either maternal serum
or cord blood were reviewed in relation to a variety of
childhood infectious and allergic diseases.

METHODS

The standards set by the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses) state-
ment were used in executing and writing this review
(see Table S1 in the Supporting Information online for
the completed checklist).”” The review protocol was
registered with the PROSPERO database before screen-
ing commenced (no. CRD42013006156). The PICOS
(Participants, Intervention, Comparisons, Outcomes,
Study Design) criteria used to design this review are
shown in Table 1.

Data sources and search strategy

The following databases were searched on April 28,
2015: MEDLINE (PubMed, 1946 to date), Cochrane
Library (Wiley, 2015 issue 4), and Web of Science (1900
to date). The search included indexed terms and text
words to capture concepts associated with vitamin D
and pregnancy/in utero/fetus and children in articles
published from database inception to the date of the
search. There were no language or study design restric-
tions. The search strategy was adjusted for the syntax
appropriate for each database (see Table S2 in the
Supporting Information online for the full MEDLINE
search strategy).

Selection criteria

The aim of the search strategy was to identify studies
that reported on the association between maternal

Table 1 PICOS criteria employed to the define research question

Criteria Description

Participants

Pregnant women and their children up to 18y of age

Intervention/exposure In utero vitamin D status in either maternal blood or cord blood

Comparisons
Outcomes

Sufficient vs insufficient vitamin D status or analysis of vitamin D status by quartile
Primary: atopic dermatitis; allergic rhinitis; asthma; wheezing; respiratory infection; gastrointestinal tract infection

Secondary: all other infections aside from maternal-fetal HIV transmission; other allergic disease;
markers of allergy (e.g., total and specific IgE levels); autoimmune diseases; lung function; and other
immunological outcomes related to atopy (e.g., TH1:TH2 ratio, cytokine production)

Study design

Randomized controlled trials, nonrandomized controlled trials, cohort, and case—control studies

Abbreviations: HIV, human immunodeficiency virus; IgE, immunoglobulin E.
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pregnancy or cord blood vitamin D status and the
childhood health outcomes of infection, allergy, and
autoimmune disease. Randomized controlled trials,
nonrandomized controlled trials, cohort, and case-
control studies were included, but not ecological stud-
ies. Any study that did not report a blood-based vitamin
D concentration was excluded, such as studies based on
nutritional intake or vitamin D supplementation but
without corresponding blood 25(OH)D levels. This was
done because pregnant women have shown heteroge-
neous responses to vitamin D supplementation,”"** and
a more direct measurement of exposure was sought for
this review. The only restriction placed on study partici-
pants was that the outcomes must have been deter-
mined in children up to the age of 18 years. Animal and
cell culture studies were also excluded.

The primary outcomes of interest encompassed re-
spiratory infection, gastrointestinal tract infection,
atopic dermatitis, allergic rhinitis, asthma, and wheez-
ing. Secondary outcomes included other allergic
disease, all other infections besides maternal-fetal HIV
transmission, markers of allergy (e.g., total and specific
immunoglobulin E [IgE] levels), autoimmune diseases,
lung function, and other immunological outcomes
related to atopy (e.g, THIL:TH2 ratio, cytokine
production).

Study selection

After the search was performed and all records were
identified, 2 reviewers performed an independent eligi-
bility assessment. For initial screening, the record titles
and abstracts were used. Further screening involved
reading full-text publications and supplemental infor-
mation from studies that initially satisfied the selection
criteria. Disagreements between reviewers were dis-
cussed and resolved, involving a third reviewer when
necessary. All references of the included articles and
previous reviews were scanned in a similar fashion to
ensure no articles were missed outside of the original
search. The review of multiple reports of the same study
was avoided by comparing author name, study location,
sample size, and outcomes.

Data extraction

In order to collect and organize data from the eligible
studies, a web-based electronic data extraction form
was created prior to the screening process using
Research  Electronic Data Capture, hosted by
Dartmouth Hitchcock Medical Center.”> The form was
thoroughly tested before a single reviewer performed
the complete data extraction. The following information
was extracted: study design, characteristics of study
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participants, study inclusion and exclusion criteria, type
of intervention and/or exposure, recruitment and fall-
out rates, and all pertinent outcome measures. When
necessary, authors of studies were contacted for further
explanation of their results.

Assessment of risk of bias in individual studies

The data extractor assessed potential bias and validity in
all included studies. The Newcastle-Ottawa Scale was
used to assess the risk of bias in observational studies
and the Cochrane Collaboration’s tool to assess risk of
bias in randomized trials.*»** Each tool evaluates mul-
tiple sources of bias and places an objective risk-of-bias
value on each study. A specific cutoff value for assessing
high- vs low-quality studies with either tool was not
used because no such values have been rigorously deter-
mined; instead, the scales were used as qualitative
comparators.

Risk of bias across studies

To assess bias across studies, published articles were
read carefully for missing outcomes (measured, but not
reported), and trial registries and other published
protocols were examined, when possible, to compare
with the final product.

Data synthesis and analysis

Relative risks and odds ratios (ORs) of infectious and
allergic disease in children were considered the primary
measures of treatment and exposure effect. Differences
between means and other calculations of correlation co-
efficients were also used. Only adjusted summary statis-
tics were reported, and when multiple adjustments were
made, the most adjusted values were reported.

A meta-analysis could not be performed because of
the heterogeneity of outcomes and the differences
in the measurement of exposure between studies.
Therefore, a summarized, qualitative review of the find-
ings is presented, with similar results placed next to
each other in the tables and text.

RESULTS

Study identification and selection

The search resulted in 4175 articles, with no additional
articles found during the reference list search. After the
initial title and abstract screening, 56 studies remained.
Reasons for most of the initial exclusions were as fol-
lows: nonhuman subjects, lack of maternal or cord
blood 25(OH)D data, or inappropriate outcomes (e.g.,
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calcium, parathyroid hormone, and rickets). The 56 art-
icles were reduced to 43 after review of the full-length
papers. Seven were removed because of a lack of circu-
lating vitamin D biomarker data, another 3 because
they measured vitamin D status after delivery, and an-
other 3 because they reported adult rather than pediat-
ric outcomes (Figure 1)

Of the 43 studies found, only 2 were randomized
controlled trials. Though there are more published trials
that examine the outcomes of interest, there were none
that also measured cord or maternal 25(OH)D levels.
The other 41 articles were observational, consisting of 6
case—control and 35 cohort studies. For 5 cohorts, there
were 2 separate published papers that examined differ-
ent variables within different subsets of the cohort.

Study characteristics

The studies varied in sites of origin, latitude, and ethni-
city. Most cohorts excluded women with prior serious
medical issues, problems during pregnancy, congenital

defects, or premature delivery, except as follows: 2 stud-
ies (same cohort) included women with prior HIV in-
fection,”™*” 4 studies preferentially recruited parents
with a history of allergic disease,”®>' and 3 studies
included all expectant mothers who presented to the

study sites, regardless of health status.”*>*

Risk of bias

When assessed by the Cochrane Risk of Bias
Assessment Tool,” the randomized control trial by
Goldring et al.* included in this review scored low risk
for all bias measures except performance bias, which
scored higher because of lack of participant blinding
(data not shown). Study personnel, though, were ad-
equately blinded during outcome assessment and data
analysis. Overall, the trial scored low risk for bias. The
other randomized controlled trial, by Ragib et al.,*
scored low risk for all bias measures.

When the Newcastle-Ottawa Scale®* was used, the
observational study scores ranged from 5 to 9 out of a

Records excluded

Full-text articles
excluded (n=13}:
no 25(0H)D

measurement (n=7),
post-delivery 25(0H)D

measurement (n=3),
incorrect outcome age

Figure 1 Flow diagram for identification and selection of studies
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maximum score of 9, lower scores indicating an
increased risk of bias (see Table S3 in the Supporting
Information online). Four studies scored 5, seven stud-
ies scored 6, and the rest scored 7 or higher. Seven stud-
ies had 2 different scores due to certain outcomes that
involved a higher risk of bias than others.

Vitamin D status

Sixteen of the studies analyzed maternal serum
25(OH)D, 23 analyzed cord blood 25(OH)D, 2 analyzed
both, 1 analyzed both maternal and neonatal blood
within 72 hours of delivery, and 1 analyzed neonatal
dried blood spots. For those that analyzed maternal
serum, the timing of collection varied: 1 study collected
from the first trimester, 4 from the second trimester, 10
from the third trimester, 1 from the first or second tri-
mester, 1 from the second or third trimester, and 1
from any trimester.

Vitamin D status was also reported in multiple
ways: means and medians (with interquartile ranges
and/or standard errors/deviations), quartiles, and quin-
tiles. The quartiles and quintiles were either natural or
preset. Many studies used a variety of cutoff values to
denote deficiency (<25, <27.5, <30, 30-50, <50 nmol/
L), insufficiency (27.5-50, 25-50, 25-74.9, 30-50, 50-
75nmol/L), and sufficiency (>27.5, >30, >50, 50-75,
>75, >80 nmol/L) or used other terms like severe defi-
ciency (<30 nmol/L), low vitamin D (<80 nmol/L), and
optimal vitamin D (>75nmol/L). Some studies only set
a deficiency cutoff value, and nearly half of the studies
did not set any cutoffs, assessing outcomes only by
quartiles/quintiles, 10-20 nmol/L increments, mean dif-
ferences, and/or continuous 25(OH)D status.

The average 25(OH)D level in each study ranged
between 43.5 and 73.7 nmol/L for maternal serum and
between 17 and 82 nmol/L for cord blood.

Allergic disease

Of the 21 studies that assessed the association between
vitamin D status and allergic disease, 12 measured
25(OH)D in cord blood, 9 in maternal serum (with 1
study assessing both), and 1 in dried blood spots taken
within the first 3 days of life. The results are shown in
Table 2.

Thirteen studies assessed wheeze in a variety of
ways, including persistent, early, late, or any wheeze
(with regard to age of presentation). One study did not
report the wheeze outcomes,”” and 8 showed no signifi-
cant associations.”*>™* The remaining 4 studies re-
ported a negative association between 25(OH)D (3
cord, 1 maternal) and wheezing.”>**"*® Baiz et al.** ana-
lyzed cord blood 25(OH)D as a continuous variable and
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found an association for early, transient wheezing (OR
0.67; 95%CI 0.54-0.81) but found none for late-onset or
persistent wheezing. Camargo et al.’> found a negative
association between cord blood 25(OH)D and wheezing
from birth to age 5 years: <25nmol/L (reference) vs
25-75nmol/L  (OR 0.61; 95%CI 0.44-0.86) and
>75nmol/L. (OR  0.47; 95%CI 0.30-0.72), while
Stelmach et al.** showed a negative association between
cord blood 25(OH)D and wheezing through age 2 years.
This was strongest and most consistent with wheezing
associated with viral infection (via multiple 25(OH)D
comparisons). Finally, Zosky et al.** found a negative
association between maternal 25(OH)D and wheezing
at age 6 years (>50 vs <50nmol/L) (OR 0.51; 95%CI
0.28-0.94), but not at age 14 years.

Twelve studies examined asthma, with all but 3
showing no association. All 3 studies with significant re-
sults used different cutoffs to examine maternal
25(OH)D. One study showed a positive association (OR
5.40; 95%CI 1.09-26.65), while the other 2 found nega-
tive associations (OR 0.67; 95%CI 0.48-0.95 and OR
0.22; 95%CI 0.06-0.92.)***”*® The 9 studies with non-
significant results used a variety of 25(OH)D thresh-
olds, 29:30:32,40-44,46

None of the 6 studies looking at the association be-
tween 25(OH)D and allergic rhinitis reported signifi-
cant associations.””***"***+* One study mentioned
collecting data but did not report on the outcome.>

The 12 studies that examined atopic dermatitis (ec-
zema) found conflicting results. Four studies revealed
negative associations with cord blood 25(OH)D (3 ana-
lyzed it continuously, the other via a set of 3 cutoff val-
ues),”?****® while 2 others showed higher odds of
atopic dermatitis in children born to mothers in the
highest quartile of maternal 25(OH)D (>75nmol/L in 1
and an unnamed nmol/L value in the other) compared
with lower quartiles (<30 nmol/L and an unnamed cut-
off for the third quartile).”>*” One of the latter 2 studies
was published only as an abstract,” and the other, by
Gale et al.,*” looked at multiple childhood eczema out-
comes: visible eczema at the 9-month visit, UK
Working Party diagnosis at 9 months of age,*” and par-
ental report at 9 years of age. Only the visible eczema
outcome was significant. The remaining 6 studies
showed no association between maternal or cord blood
25(0H)D and atopic dermatitis.”>*>*"*>*>% One study
did not report on the outcome.””

While 7 studies listed clinician-diagnosed food
allergies as one of their measured outcomes, 2 did not
report data on this outcome,”*” and another was un-
able to assess allergies because of a small sample size.”!
Of the remaining 4 studies, 2 found no association.*®**
Mullins et al.,”* though, found a decrease in peanut al-
lergy in the third quartile (75-99.9 nmol/L) compared
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with the reference second quartile (50-74.9 nmol/L) but
found no significant differences between the first or
fourth quartiles compared with the reference quartile.
The study by Weisse et al.”’ showed a positive associ-
ation between cord blood 25(OH)D, analyzed ordinally
by quartile, and food allergy during the second year of
life (OR 4.65; 95%CI 1.50-14.48) but no association
with food allergy during the first year of life or with
total incidence throughout the 2-year period. The same
study also found a positive association between mater-
nal 25(OH)D and food allergy during the second year
of life as well as total 2-year incidence (OR 3.66; 95%CI
1.36-9.87 and OR 1.91; 95%CI 1.09-3.37, respectively),
but not during the first year of life.

Five studies looked at general atopic sensitization
using either total eosinophil counts® or total
IgE.**?%?>%1% Of these studies, only 1 revealed a sig-
nificant protective association with 25(OH)D: Rothers
et al.?’ showed a 0.27 (95%CI 0.08-0.47) increase in
log(total IgE) when comparing the group with cord
blood 25(OH)D <50nmol/L with the reference group
(50-74.9 nmol/L). Other studies investigated specific al-
lergic sensitization via the skin prick test or specific IgE
levels in response to certain aeroallergens and food al-
lergens. The 8 studies that used the skin prick outcome
found no associations with either maternal or cord

blood 25(0OH)D.?*31:3538414246 AJ byt one®® of the
studies looking at specific IgE levels found significant
associations between maternal or cord blood 25(OH)D
levels and allergic sensitization (detectable IgE levels).
Two studies of the same cohort (1 analyzing cord blood
and 1 analyzing maternal serum) found negative associ-
ations.”>*® Two other studies found a positive associ-
ation between maternal 25(OH)D levels and detectable
specific IgE,**** while the Rothers et al.* study found a
U-shaped association, with higher odds of having de-
tectable specific IgE levels in infants with both lower
and higher cord blood 25(OH)D levels compared with
the reference quartile (50-74.9 nmol/L).

Finally, as reported in Table 3, Liu et al.”' showed
that higher cord blood 25(OH)D was associated with
lower levels of detectable specific IgE levels at 2 to 3 years
in a subgroup of participants who had the interleukin-4
genotype rs2243250 CC/CT genotype. Interestingly, par-
ticipants with the rs2243250 TT genotype showed an op-
posite association, with higher levels of 25(OH)D related
to higher specific IgE levels (P for interaction = 0.003).
Liu et al.”” also found other genotype-specific protective
and harmful associations between cord blood 25(OH)D
and detectable specific IgE in 1- to 3-year-olds, but the
genotype-vitamin D interactions were not significant
after adjusting for multiple testing.

Table 3 Studies included in the analysis that examined allergic disease by genotype

Reference  Study  Study design,
location  participants

Exposure and summary statistics for
main outcome measures

Main outcome measures®

Liu et al. Boston, Cohort study
(2011)* USA 649 children
6.1% white, 57.4%
African American,
22.8% Hispanic,
13.7% other
Mean 25(0OH)D not
reported

genotype:

Cord blood 25(0OH)D: OR (95%(Cl),
>27.5 vs <27.5 nmol/L
In all participants and stratified by

114 rs2243250 CCor CT, TT
MS4A2 rs512555 AA or AG, GG
FCER1G rs2070901 TT or TG, GG
CYP450 rs2762934 AA or AG, GG
Pint = 25(0H)D X genotype likeli-
hood ratio test for interaction

Food sensitization (IgE kUA/L) (1-3y)
25(OH)D in all genotypes: 0.86 (0.61-1.21)
25(0H)D in /L4 CC or CT: 0.56 (0.36-0.87)
25(0H)D in IL4 TT: 1.67 (0.94-2.94)

Pine = 0.003, Py, = 0.1

25(0H)D in MS4A2 AA or AG: 2.5 (1.02-5.88)
25(0H)D in MS4A2 GG: 0.70 (0.48-1.01)

Pine = 0.009, Pgy, = NS

25(0H)D in FCER1G TT or TG: 0.66 (0.43-1.00)
25(0H)D in FCER1G GG: 1.45 (0.8-2.63)

Ptqr = 25(0H)D x genotype false dis-  Pj,; = 0.04, Psq, =NS
covery rate test for interaction (ad-  25(OH)D in CYP450 AA or AG: 0.44 (0.23-0.82)

justing for multiple testing)

Boston, Cohort study

460 children

5.9% white, 52.8%
African American,
25% Hispanic,
16.3% other

Mean cord 25(0H)D:
35.3 nmol/L

USA (SD 19.7)

Liu et al.
(2013)>

genotype

Cord blood 25(0OH)D: OR (95%Cl),
>27.5 vs <27.5 nmol/L

In all participants and stratified by
1L4 rs2243250 CCor CT, TT

25(0H)D in CYP450 GG: 1.14 (0.76-1.72)

P = 0.02, Py, = NS

25(0H)D in 36 other SNPs: reported as NS

Food sensitization (IgE kUA/L) (2-3y)

25(OH)D in all genotypes: 0.78 (0.51-1.19)
25(0H)D in CC or CT genotype: 0.49 (0.28-0.85)
25(0H)D in TT genotype: 2.17 (1.02-4.76)

P, = 0.003

Abbreviations: Cl, confidence interval; IgE, immunoglobulin E; KUA/L, international unit for IgE; OR, odds ratio; NS, not significant; SD,

standard deviation; SNP, single nucleotide polymorphism.

“All statistics are after maximal adjustment. Values significant at the P=0.05 level are shown in bold type.
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Infectious disease

Eighteen studies that examined the effect of blood vita-
min D concentration on infectious disease outcomes in
children were found, of which 10 measured cord blood,
7 measured maternal serum, and 1 measured both ma-
ternal and neonatal 25(OH)D levels after less than
3 days of life. Their results are shown in Table 4.

Lower respiratory tract infection (LRTI) was the
most common infectious disease outcome studied, al-
though the definition of LRTI varied, ranging from only
including pneumonia or bronchiolitis to broadly
including bronchiolitis, pneumonia, croup, bronchitis,
and/or otherwise unspecified chest infections. Four of
the 10 studies that measured LRTI used maternal
25(OH)D as an exposure, while the other 6 used cord
blood 25(OH)D. Five studies found significant protect-
ive associations between 25(OH)D (2 maternal and 3
cord blood) and LRTI using different 25(OH)D com-
parison  groups.”>*>>™>>  These studies assessed
25(OH)D as a continuous variable or by comparing
high vs low 25(OH)D: (>50 vs <25nmol/L, >75 vs
<50nmol/L, >75 vs <75nmol/L, or fourth quartile
[>92.4nmol/L] vs reference quartile [<54.6 nmol/L]).
Moreover, 1 of these aforementioned studies also found
a relation between lower cord blood 25(OH)D and
greater severity of LRTL>* In contrast, 2 studies found
increased odds of LRTI in children born to mothers
with higher 25(OH)D levels (>75 vs <30 and
<25nmol/L).**° Three studies found no association
between cord blood 25(0OH)D and LRTL>%>>7

Studies also examined other respiratory infection
outcomes. In addition to LRTI, Gale et al.*” also looked
at other respiratory infections but found no association
between maternal 25(OH)D levels and overall chest in-
fections, bronchitis, or other respiratory infections
(such as otitis media, upper respiratory tract infections,
etc.). Stelmach et al.*® also found no association be-
tween 25(OH)D and the occurrence of more than 1 re-
spiratory infection in the first 2 years of life. Shin
et al.,”” on the other hand, found increased odds of any
respiratory infection and nasopharyngitis in children
with lower cord 25(OH)D but found no association
with otitis media. Skowronska-Jozwiak et al.*® found
more recurrent respiratory infections in children born
to vitamin D-deficient mothers. Camargo et al.”* found
decreased odds of any upper or lower respiratory tract
infection as well as any other infections (e.g., urinary
tract, skin, and common viral infections) in children
with cord blood 25(OH)D >75nmol/L compared with
those with <25 nmol/L (OR 0.49; 95%CI 0.27-0.89 and
OR 0.42; 95%CI 0.21-0.86, respectively). de Jongh
et al.>® also looked at otitis media and found no associ-
ation with 25(OH)D but did find decreased odds of

Nutrition Reviews® Vol. 74(6):387-410

prolonged cough symptoms in children born to vitamin
D-sufficient mothers in the first 6 months of life (this
association not seen after 6 months up to age 2 years).

A few studies examined general symptoms of infec-
tion as outcomes. Two studies by Finkelstein et al.***’
of HIV-positive mothers and their children also looked
at cough symptoms and found a decreased risk in chil-
dren with mothers whose 25(OH)D level was sufficient
(>80 vs <80 nmol/L). One of those 2 studies also meas-
ured childhood tuberculosis infections and showed a
similar ~negative association between maternal
25(OH)D levels and infection rates.?’ Finally, the Gale
et al.” study found increased odds of diarrheal illness
in children born to mothers with 25(OH)D >75 nmol/L
vs <30nmol/L. The de Jongh®® and Finkelstein
et al.>>*” studies also looked at diarrhea symptoms but
found no association with 25(OH)D.

Two studies found lower cord and maternal
25(OH)D levels in case subjects with neonatal sepsis
compared with healthy controls.””* One of these stud-
ies only included patients with culture-proven sepsis,
while the other did not find significant associations in
the subset of cases with culture-proven sepsis. The Gad
et al.®! study similarly found lower cord 25(OH)D levels
in subjects with neonatal pneumonia compared with
healthy controls.

Cord blood cellular and chemical immunological
outcomes

Table S4 in the Supporting Information online shows
the results of the 9 studies that looked at immunological
outcomes in cord blood rather than direct clinical out-
comes. This included cytokine release by stimulated
mononuclear cells, regulatory T cell percentage of
leukocytes, innate immunity gene expression, anti-
microbial peptide concentration, and cytokine concen-
tration in cord blood. Of the 5 studies that looked at
regulatory T cells in cord blood, 3 found no associ-
ations.”>*> Vijayendra Chary et al.** found a positive
relationship between cord blood 25(OH)D concentra-
tions and regulatory T cell percentages, while Weisse
et al.”® found a negative relationship with cord blood
25(OH)D, but not with maternal 25(OH)D as an expos-
ure. Guven et al.®* and Romero et al.** looked at a var-
iety of other data points related to cord blood
lymphocytes, focusing on T-helper cells, and found no
correlation with cord blood 25(0OH)D.

Chi et al.”® found positive associations between
cord blood 25(OH)D concentrations and interferon
(IFN)-o and IFN-y release by stimulated cord blood
mononuclear cells. This effect was found in cells stimu-
lated by either lipopolysaccharide or peptidoglycan (in-
nate immunity stimuli) but not by phytohemagglutinin
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(nonspecific stimuli, indicator of overall T-cell func-
tion). Vijayendra Chary et al.** and Zittermann et al.®’
found a positive correlation between cord blood
25(OH)D levels and cord blood interleukin-10 concen-
trations. Vijayendra Chary et al.** also found a positive
correlation for transforming growth factor f8
concentrations.

The Ragib et al.”® study showed a negative relation-
ship between cord blood 25(OH)D level and the con-
centration of LL37, the active antimicrobial C-terminal
peptide of cathelicidin, in both cord blood serum and
the cytoplasm of cord blood mononuclear cells. This
did not equate to a change in bacterial killing capacity,
though. The Mandic Havelka et al.>° study showed no
association between cord blood 25(OH)D level and the
concentration of LL37.

Walker et al.”” examined whether adult monocytes
cultured in either vitamin D-sufficient or —deficient
cord blood plasma would differ in their gene expression
upon the addition of either innate or adaptive immune
system stimuli. They found that cells cultured in vita-
min D-deficient plasma (<30nmol/L) had lower ex-
pression of the cathelicidin gene and other genes
involved in vitamin D metabolism, which was reversible
by the addition of exogenous 25(OH)D to the cultures.

Lung function and inflammation

Six studies that examined lung function and inflamma-
tion outcomes (forced vital capacity, forced expiratory
volume 1, forced expiratory volume 25-75, bronchial
hyper-responsiveness, and exhaled nitric oxide) were
found, the results of which are shown in Table S5 in the
Supporting Information online.*>*>*"#>%%% QOnly 1
study found any significant association: Chawes et a
described a positive relationship between maternal
25(OH)D level and forced vital capacity at 6 years, but
not at 14 years (children born to vitamin D-sufficient
mothers could expel larger lung volumes at maximum
effort). None of the lung function results were com-
pared with actual clinical diagnoses of asthma or atopy.

1 30

Autoimmune disease

The search revealed 2 case-control studies in this cat-
egory, both of which studied the association between
maternal vitamin D status during pregnancy and type 1
diabetes in offspring in Scandinavian countries (results
not shown). One of the studies, by Miettinen et al.,**
used first-trimester blood samples and found no signifi-
cant differences in maternal 25(OH)D between the
cases and controls. The other, though, by Serensen
et al,,*” found decreased odds of type 1 diabetes in the
offspring of mothers in the highest quartile of 25(OH)D
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concentration (>89 nmol/L) compared with the lowest
quartile (<54 nmol/L) (OR 0.42; 95%CI 0.20-0.89).

DISCUSSION

This systematic review found that the current evidence
linking direct measurement of in utero vitamin D ex-
posure to childhood allergic outcomes is largely non-
existent or equivocal, although the weight of evidence is
beginning to point toward a lack of association for
wheeze, asthma, and allergic rhinitis. There is stronger
and more consistent evidence, however, that higher in
utero vitamin D exposure lowers the risk of LRTI in
young children. The evidence for an association of in
utero vitamin D with other pediatric infectious disease
outcomes is lacking, as the few studies that examined
these outcomes found equivocal results.

Allergic disease

Table 5 shows the estimated the strength of evidence for
each major outcome.

Infant and childhood wheezing is a frequently used
outcome for measuring atopy, as it is a common asthma
symptom and a risk factor for later development of
asthma. The studies reviewed showed little evidence for
an association between in utero vitamin D exposure
and childhood wheezing. Despite its use, wheeze is not
an optimal outcome because only a minority of children
who wheeze will ever go on to develop asthma. The
prevalence of childhood wheezing is much higher than
that of asthma, and it is difficult to know which
“wheezers” have predilection for asthma.”””! Given the
strong link between childhood wheezing and viral re-
spiratory tract infection (due to smaller airway caliber
and inflammation), wheezing could also act as a marker
for increased risk of infection or for higher symptom
severity when infected.”” Four studies looked at both of
these outcomes: Camargo et al.”” found a negative asso-
ciation (similar in size as well) between cord blood
25(0OH)D and both wheeze and respiratory infection.
Goldring et al.*> found no association between cord
blood 25(OH)D and either upper or lower respiratory
tract infection. Stelmach et al.** found a negative associ-
ation between cord blood 25(OH)D and wheeze, but
none for respiratory infections. Morales et al.,*® how-
ever, found no association between maternal 25(OH)D
level and wheezing in the offspring but saw a reduced
odds of LRTI with higher maternal 25(OH)D levels. To
better elucidate this link, all future studies should meas-
ure both wheezing and respiratory infection in tandem.

Asthma is a difficult-to-measure outcome in birth
cohorts because its age of presentation is later and more
variable and its prevalence lower compared with most
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Table 5 Strength of evidence of the association between major outcomes and in utero vitamin D status

Outcome Type of finding (n = no. of studies) Association Strength of
with strongest  evidence®
evidence

Allergic diseases

Wheeze No association (n = 8), negative association (n =4) None +4

Asthma No association (n = 9), positive association (n = 1), negative association None ++

(n=2)
Atopic dermatitis/eczema No association (n = 6), positive association (n = 2), negative association None +
(n=4)

Allergic rhinitis No association (n = 6) None ++

Food allergy measured No association (n = 2), positive association (n = 1), negative association None +

via physician diagnosis (n=1)

Allergic sensitization Specific sensitization measured via specific IgE: no association (n = 1), Positive +

without clinical positive association (n = 2), negative association (n = 2), U-shaped as-
corroboration sociation (n = 1), positive association in genetic subgroups only
(n=1), negative association in genetic subgroups only (n = 1)
Specific sensitization measured via skin prick tests: no association (n = 8) None N
General sensitization measured via total IgE or eosinophil count: no asso- ~ None ++
ciation (n = 4), negative association (n=1)

Infectious diseases

Lower respiratory tract No association (n = 3), positive association (n = 2), negative association Negative ++

infection (n=5)

Upper respiratory tract No association (n = 2), negative association (n=1) None +

infection

Tuberculosis Negative association (n=1) Negative +

Any respiratory tract No association (n = 2), negative association (n = 3) Negative +

infection

Any infection Negative association (n=1) Negative +

Cough Negative association (n = 3) Negative +

Diarrhea No association (n = 3), 1 positive association (n=1) None +

Abbreviation: 1gE, immunoglobulin E.

aStren%th of evidence supporting the a)ssoaatlons was based on number and quality of studies and was defined as follows: strong

(4+-+), moderate (4-+), and weak (

other outcomes of interest. For this reason, despite the
predominant finding of no association, this outcome re-
mains understudied, and larger sample sizes are needed
in future cohorts. Although studies that looked at
asthma had an average of about 1000 participants each,
this number is skewed positively, with 6 studies having
a sample size of less than 300 and 1 having a sample size
over 5000. Additionally, 2 of the 3 studies that found a
significant association used an asthma diagnosis by 3 or
4 years of age (via parental report). It is generally con-
sidered that asthma cannot be reliably diagnosed before
age 5 years because of the difficulty in administering
lung function tests in younger children.”” Thus, in the
aforementioned studies, it is possible that parents mis-
classified wheezing associated with illness or reactive
airway disease as asthma because it presents similarly to
asthma and is often treated with the same medications.
The studies did not capture childhood wheezing, which
would help elucidate this issue.

Ten of the 12 studies reporting on asthma used par-
ental report of physician diagnosis without corroborat-
ing chart review or pulmonary function tests. Current
guidelines recommend performing lung function test-
ing, specifically spirometry, as a cornerstone of asthma
diagnosis.”” Four studies measured both parental
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reports and pulmonary function tests,””*"*>** of which
only 1 compared the outcomes: Wills et al.*' found 44%
of the positive parental reports also included evidence
of bronchial hyper-responsiveness as demonstrated via
objective testing, indicating a low concordance between
current asthma and parental report of asthma. That
study did not appear to have distinguished between the
2 groups (parental report only vs parental report plus a
proven test) in the analysis. Misdiagnosis may therefore
be a major limitation in studies that rely on parental re-
port to measure asthma outcomes. Linking vitamin D
status with both asthma-type lung function tests and a
clinical diagnosis of asthma in the same patients would
provide the strongest evidence of an association in fu-
ture studies.

Allergic rhinitis is another outcome with a later age
of presentation. The 6 studies reporting on this out-
come did not find it to be associated with in utero
25(OH)D exposure. The global prevalence of allergic
rhinitis in children aged 6 to 7 years and 13 to 14 years
is estimated to be 8.5% and 14.6%, respectively, in the
most comprehensive survey study to date.”* Four of the
reviewed studies (Baiz et al,** Chiu et al,***® Wills
et al.*") found similar percentages, but those of Chawes
et al.’* and Rothers et al.*” reported a prevalence of 12%
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at age 7 years and 19.8% by age 5 years, respectively
(none followed children beyond age 4-7.5y). This vari-
ability is likely due to the difficulty in diagnosing aller-
gic rhinitis because it shares symptoms with common
upper respiratory infections and rhinorrhea. The diag-
nosis relies mostly on a history of symptoms related to
allergen exposure or seasonality, which is difficult to de-
termine in young children, especially those under the
age of 5 years. Therefore, neither parental report nor
chart review may adequately measure the true preva-
lence. Given the existing evidence and the difficulty
with diagnosis, it unlikely that future studies will find
an association between in utero 25(OH)D and allergic
rhinitis in children under the age of 5 years. That said,
allergic rhinitis is directly linked to aeroallergen sensi-
tization, and several studies found an association with
the latter outcome. This indicates the potential for an
effect of vitamin D on allergic rhinitis. Future studies
should attempt to look beyond 5 years of age to better
capture the diagnosis and to also try to simultaneously
measure allergic sensitization. Measuring specific IgE
levels is superior to the skin prick test in measuring al-
lergic sensitization in young children because the skin
prick test can be affected by eczema, antihistamine and
anti-inﬂammatory medications, and measurement
error. It would be good to correlate measurement of
specific IgE levels with clinical diagnoses of allergic dis-
ease in future studies, as the results do not reveal any-
thing about a child’s morbidity as stand-alone values.

The evidence for an association of in utero
25(OH)D with atopic dermatitis remains conflicting.
The age-at-outcome ascertainment and method of
measurement (parental report, UK Working Party diag-
nosis, and visible eczema on exam) differed between
many of the studies, but no pattern exists between stud-
ies with and studies without associations. The study size
(164-5513 participants) and participant characteristics
also varied but do not appear to explain the difference
in outcomes.

Food allergy requires more research, as only 4 stud-
ies reported associations for this outcome and they dif-
fered in the method of diagnosis employed (physician
diagnosis, skin prick test, and parental report) and the
type of allergy studied, likely explaining the heterogen-
eity of results.

Liu et al’s>”*" finding of vitamin D’s protective ef-
fect on allergic sensitization in participants with certain
genotypes is intriguing and may explain the U-shaped
association found in the Rothers et al.”” study. If at-risk
genotypes are rare or underrepresented within study
cohorts, this could also explain the lack of or the
equivocal associations for most of the allergic outcomes.
Measuring genotypes in future studies, while expensive,
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may help define subgroups for which in utero vitamin
D exposure holds the greatest intervention potential.

Infectious disease

Vitamin D’s association with pediatric infectious dis-
ease outcomes has been less frequently studied than its
association ~ with  allergic = disease  outcomes.
Tuberculosis, and “any infection” were included in 1
study each, “upper respiratory infection” in 3, and “any
upper respiratory infection” in 2, which are too few to
conclude any association with reasonable certainty. Of
the 7 total studies that examined cough and diarrhea (3
and 4 studies, respectively) 2 of the studies for each
came from the same cohort, which comprised a very
specific population (pregnant, HIV-positive women in
Africa), so no firm conclusions can be drawn about
these outcomes, either. Cough and diarrhea are surro-
gate measures of disease and are therefore not the best
outcomes to measure unless required because of the
study population and setting.

This review found the evidence linking poorer in
utero vitamin D status to LRTI to be moderate to
strong, as half of the studies pointed to a negative asso-
ciation, including those with the 2 largest sample sizes.
Additionally, the finding of a dose-response effect in 1
study that found decreased 25(OH)D levels to be associ-
ated with increased illness severity strengthens support
for this association. Further research on this topic
should use a more standardized definition of LRTI, one
that certainly includes bronchiolitis and pneumonia but
separates out croup (which strongly affects the upper
airway as well) and more generalized chest infections,
which may lead to misclassification of non-LRTT ill-
nesses. The most important change recommended for
this outcome is that future studies always attempt to
measure LRTT via chart review, and not parental report,
as LRTIs are diagnosed in physician’s offices far more
frequently than other minor illnesses, given their sever-
ity and distinct clinical pictures.

Cord blood cellular and chemical immunology

The studies that performed basic immunological tests
on cord blood, while fascinating, are limited by their
lack of association with later clinical outcomes; more-
over, each outcome was examined in only a small num-
ber of studies. These are mostly exploratory studies with
small sample sizes examining novel outcomes, and they
rarely adjust for adequate potential confounders such as
season of birth and socioeconomic variables. For the
purpose of this review, it is not possible to reach any
firm conclusion from them. To enhance the mechanis-
tic understanding of this, future studies would do well
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to look at immunological outcomes and childhood ill-
ness in the same cohorts.

Autoimmune disease

The association between in utero vitamin D and auto-
immune disease in pediatric populations is largely un-
studied. It is difficult to research autoimmune diseases
outside of case-control studies, which do not provide
the highest level of observational evidence, because of
the low prevalence (much less than 1 in 1000) and late
age of presentation for type 1 diabetes and other auto-
immune disorders. Further research on this possible as-
sociation would be fascinating but understandably
difficult outside of locations that widely collect maternal
or cord blood for large-scale data banks, again because
of the low prevalence of these outcomes.

Limitations of the reviewed studies

Studies measured the exposure of 25(OH)D in many
different ways. This made it impossible to perform a
meta-analysis and difficult to compare results qualita-
tively between studies. While it would be helpful to see
similar cutoff values used in future studies, no specific
values based upon the current body of evidence can be
recommended. More robust observational data, along
with evidence showing that raising vitamin D via sup-
plementation above a certain level reduces disease risk,
is needed to create firm cutoff values.

A number of studies have shown that vitamin D
supplementation during pregnancy can increase mater-
nal and cord blood 25(OH)D.>*”>7® This increase is
highly variable, though, as highlighted in 1 study that
found an average increase in maternal 25(OH)D of
35.2nmol/L (SD 31.7 nmol/L) after supplementation of
2000-4000 1U/d.** This is why measured 25(OH)D, ra-
ther than supplementation status, was used for the pur-
poses of this review. More trials that measure in utero
25(0OH)D in addition to clinical outcomes in children
are needed.

Maternal serum 25(OH)D is a commonly used
measure of in utero vitamin D status, but assessment of
cord blood obtained during delivery offers the most dir-
ect measurement of a fetus’s vitamin D exposure. The
developing fetus relies entirely on its mother for vita-
min D, and 25(OH)D readily crosses the placenta.
Maternal and cord blood levels are directly associated,
although, as seen in this review, cord blood levels are
generally lower than maternal levels. That said, mater-
nal and cord blood 25(OH)D levels are not precisely
correlated, for poorly understood reasons. This may
make it difficult to compare studies that measure mater-
nal 25(OH)D with those that measure cord blood
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25(OH)D. No guideline for adequate cutoft values for
cord blood 25(OH)D exists, even for skeletal outcomes,
so it is not possible to define deficiency and sufficiency
using this biomarker. Additionally, all of the studies
measured vitamin D at just a single time point during
pregnancy. It is theoretically possible that the fetus is
most vulnerable to vitamin D status during specific de-
velopmental periods, and a single measurement, usually
in the third trimester, may not fully capture the relevant
exposure. If studies do not measure vitamin D during
this period of vulnerability, the effect size is likely to be
underestimated.

The included studies largely relied on parental re-
porting for outcome assessment, which introduces the
potential for misclassification error and recall bias. It is
not known how often vitamin D status was shared with
the study parents, which could influence their recall of
illness as well. Overall, for the outcomes that can be
measured via both physician diagnosis and/or parental
report (e.g., wheezing, infections, allergies), 13 of 28
papers utilized parental questionnaires only, 1 used
chart review only, and 6 included both in the analysis.

Sample sizes varied greatly, with 16 studies (exclud-
ing cord blood immunological studies) having fewer
than 300 participants. Many of the outcomes of interest
have a relatively high prevalence, so they were not ne-
cessarily underpowered, but it is possible that the differ-
ence between groups is smaller than predicted, leading
to type II error in the smaller studies. That said, in this
analysis, sample size did not appear to correlate with
the presence or lack of significant associations.

While all but 1 observational study adjusted for po-
tential confounders, the covariates that were included
differed between studies. Overall measurements of
covariates were good and included a wide variety of
demographic and lifestyle factors that may confound
the relationship between vitamin D and susceptibility to
allergic and infectious diseases, such as season of birth,
tobacco smoke exposure, breastfeeding, prematurity,
maternal body mass index, parental income and educa-
tion level, etc. Despite this, some studies did not include
one or more of the following variables: ethnicity, mater-
nal smoking, or season of birth, all of which were com-
mon confounders in the studies that did measure them.
In addition, few studies measured nutritional intake, al-
though this is thought to be a minor contribution to
overall vitamin D status.”?

Selective reporting bias was very hard to discern
from the studies because of a general lack of published
protocols. A few studies did not report on pertinent sec-
ondary outcomes they stated to have collected. These
were often either minor outcomes or ones not related
to the published material (e.g., infectious outcomes in
an allergic disease study).
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Strengths and weaknesses of the search strategy

This review is based on a very thorough search that was
not limited by inputting outcomes into the search fields.
Initially, an attempt was made to limit the number of
titles/abstracts to review by inputting outcome terms,
but it was determined early on that this strategy missed
articles of interest. The strategy used (i.e., not inputting
outcomes) ensured that the search captured the appro-
priate intervention/exposures but did not miss any that
might have been overlooked as a result of the complex-
ities of the medical subject headings for the most pertin-
ent outcomes.

Embase was not searched because of a lack of ac-
cess and the expense required to obtain it. This opens
the possibility that some studies may have been missed,
especially abstracts and European-based studies not
widely published elsewhere.

Results in context

Systematic reviews have detailed robust evidence link-
ing in utero vitamin D to pregnancy and birth out-
comes such as preeclampsia, cesarean section,
gestational diabetes, and birth weight."”””"”® Very few
previous systematic reviews have addressed the topic of
vitamin D’s extraskeletal effects in children, and this re-
view is the first to specifically focus on blood bio-
markers of in utero vitamin D status. The most recent
systematic review examining vitamin D in pregnancy
and extraskeletal health effects in children is that of
Christesen et al.,* published in 2012. That review
included fewer studies, a number of which used food
questionnaires as an indirect measure of vitamin D sta-
tus. The authors found evidence of decreased risk of al-
lergic rhinitis and eczema, conflicting results for
respiratory infections, wheezing, and type 1 diabetes,
and a U-shaped association with allergic sensitization
(assessed via inhalant allergen-specific IgE). Thorne-
Lyman and Fawzi’”’ examined childhood infections in
addition to birth and pregnancy outcomes in their 2012
review. Looking at a smaller selection of the same stud-
ies included in the present review, they found conflict-
ing results with regard to respiratory infection and
diarrheal disease.

The present review suggests no association between
in utero vitamin D and childhood wheezing, while the
Christesen et al.** review reports conflicting evidence of
an association. The use of the 25(OH)D biomarker of
vitamin D exposure, rather than nutritional intake, as
well as the inclusion of 4 additional (twice as many)
studies makes the result of the present review more ro-
bust. As noted earlier, vitamin D intake is a poor indi-
cator of status because it generally represents a small
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contribution to overall 25(OH)D production, and the
increase in serum 25(OH)D in those who do take high
supplementatal doses varies greatly.”"**

The present review did not find the same protective
effect of vitamin D concentration against allergic rhin-
itis or eczema as Christesen et al,*® but it included
more studies (an additional 2 for allergic rhinitis and 5
for eczema). Additionally, the 2 studies unique to the
Christesen et al.*® review, which showed significant as-
sociations for either eczema or allergic rhinitis, involved
estimated vitamin D status based on food and supple-
ment intake, rather than the serum biomarker. The spe-
cific IgE results in the present review are also more
robust than those in the previous review, given the in-
clusion of 8 studies as opposed to just 1. Of note, the
newer studies analyzed vitamin D status as a continuous
variable or by using a single cutoff value, which pre-
cluded the reporting of a U-shaped effect, so it is not
known whether this effect is a solitary finding.

Rather than the mixed results for LRTI found in
both the Christesen et al.*” and the Thorne-Lyman and
Fawzi”® reviews, the results of the present review, which
includes a number of newer studies, point toward an as-
sociation between lower in utero vitamin D exposure
and a higher risk of LRTI.

CONCLUSION

This review highlights the reasons behind the lack of
consensus among experts on what constitutes an ad-
equate vitamin D status for optimal health, namely the
limited and unclear evidence of associated outcomes.
Pregnancy is perhaps the most hotly debated time
period during which to study the effects of vitamin D,
as in utero vitamin D may influence clinically import-
ant, potentially lifelong outcomes in children.
Pregnancy is a very desirable point of intervention: it is
a relatively short, defined period, and it precedes the de-
velopment of illness and morbidity caused by poten-
tially reversible exposures.

There was moderate to strong evidence for a pro-
tective association between in utero vitamin D exposure
and LRTIL. Most of the outcomes remain understudied.
Larger studies, especially randomized controlled trials
that measure serum 25(OH)D, are needed to further
elucidate these topics. Future studies should also link
certain outcomes together in the same participants,
such as wheeze and respiratory infection; lung function
tests and asthma; specific IgE and allergic rhinitis; and
basic cord blood immunological tests and later allergic
or infectious disease outcomes. Such research will help
to elucidate the mechanisms behind the many potential
extraskeletal effects of vitamin D.
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