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Abstract

Background—Vitamin D deficiency and asthma are common at higher latitudes. Although
vitamin D has important immunologic effects, its relation with asthma is unknown.

Objective—We hypothesized that a higher maternal intake of vitamin D during pregnancy is
associated with a lower risk of recurrent wheeze in children at 3 y of age.

Design—The participants were 1194 mother-child pairs in Project Viva—a prospective prebirth
cohort study in Massachusetts. We assessed the maternal intake of vitamin D during pregnancy
from a validated food-frequency questionnaire. The primary outcome was recurrent wheeze, ie, a
positive asthma predictive index (=2 wheezing attacks among children with a personal diagnosis
of eczema or a parental history of asthma).

Results—The mean (xSD) total vitamin D intake during pregnancy was 548 + 167 1U/d. By age
3y, 186 children (16%) had recurrent wheeze. Compared with mothers in the lowest quartile of
daily intake (median: 356 1U), those in the highest quartile (724 1U) had a lower risk of having a
child with recurrent wheeze [odds ratio (OR): 0.39; 95% CI: 0.25, 0.62; P for trend <0.001]. A
100-1U increase in vitamin D intake was associated with lower risk (OR: 0.81; 95% CI: 0.74,
0.89), regardless of whether vitamin D was from the diet (OR: 0.81; 95% ClI: 0.69, 0.96) or
supplements (OR: 0.82; 95% CI: 0.73, 0.92). Adjustment for 12 potential confounders, including
maternal intake of other dietary factors, did not change the results.
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Conclusion—In the northeastern United States, a higher maternal intake of vitamin D during
pregnancy may decrease the risk of recurrent wheeze in early childhood.
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INTRODUCTION

Vitamin D3 (cholecalciferol) is a vital nutrient available from food sources (eg, fortified
milk) and nutritional supplements (1). The skin can also make vitamin D when exposed to
sunlight. Recent studies suggest that vitamin D may have value in preventing or treating
cancer and autoimmune diseases (2, 3). It has also become clear, especially in the
northeastern United States (4, 5), that a large proportion of Americans have an inadequate
vitamin D intake, as reflected by serum 25-hydroxyvitamin D concentrations (6).

Another public health problem in the northeastern United States is asthma. For example, the
prevalence rates of asthma in New England are the highest in the nation (7). The national
prevalence of asthma has increased from ~3% in the 1970s to ~8% in recent years (8). The
onset of asthma occurs before 6 y of age in 80-90% of cases; 70% of cases occur before 3y
of age (9, 10). Asthma has multifactorial origins, but major risk factors have proven elusive.
Some investigators have focused on dietary origins, but studies to date are mostly cross-
sectional and have yielded inconsistent results (11). Although vitamin D is known to have
important effects on immunologic function (12), the role of vitamin D on risk of asthma is
unknown. The role of maternal diet on risk of asthma in offspring is a particularly intriguing
topic given the growing evidence on the developmental origins of health and disease (13,
14) and the early age of asthma onset (15, 16).

We hypothesized that higher vitamin D intakes are protective against asthma in populations
with inadequate vitamin D intakes. We formulated this hypothesis after noting the similarity
between risk factors for vitamin D insufficiency and for asthma. In addition to the regional
similarities noted above, vitamin D insufficiency is more common among African
Americans (17) and among the obese (18). Temporal trends in the adoption of sun-screen
use (19) and in reductions in milk intake (20) also support the hypothesized link between
vitamin D and asthma. The purpose of the present study was to determine, among mothers
living in the northeastern United States, whether a higher maternal intake of vitamin D
intake during pregnancy is associated with a lower risk of asthma in children at 3 y of age.

SUBJECTS AND METHODS

Study design and subjects

Project Viva is a prospective cohort study examining prenatal factors in relation to outcomes
of pregnancy and child health. Participants were recruited at 8 obstetric offices of Harvard
Vanguard Medical Associates, a large multispecialty urban-suburban group practice in
eastern Massachusetts. At the first study visit, directly after the woman’s initial clinical
prenatal visit, we obtained informed consent, administered a brief interview, and provided a
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take-home self-administered questionnaire. At the second study visit, at 26 to 28 wk of
gestation, we again administered a brief interview and provided a questionnaire. Project
Viva participants gave birth at Brigham and Women’s Hospital or Beth Israel Deaconess
Medical Center in Boston. Within 3 d after delivery, we interviewed the mothers. We
reassessed mothers and children at 6 mo, 1y, and annually thereafter. At the time of this
analysis, the visits at age 3 y were almost complete.

Exclusion criteria included multiple gestation (eg. twins), the inability to answer questions
in English, plans to move out of the area before delivery, and a gestational age >22
completed weeks at the initial prenatal clinical appointment. Additional details of
recruitment and follow-up were presented elsewhere (21). Of the 2128 infants delivered in
Project Viva, we excluded 228 because of missing diet assessment data from the first and
second trimesters and an additional 37 with a gestational age of <34 completed weeks.
Mothers of 368 of the remaining 1863 participants did not provide informed consent for
child follow-up through age 3 y. Of the remaining 1495 infants, 76 were lost to follow-up
and 225 have not yet exited the 3-y time window. The final sample for analysis consisted of
1194 participants. This sample appears representative of the overall study population. The
human subjects committees of Harvard Pilgrim Health Care, Brigham and Women’s
Hospital, and Beth Israel Deaconess Medical Center approved the study protocols.

Measurements

We obtained data directly from the participants and from medical records, as detailed
previously (21). Briefly, maternal diet assessments at both the first and second visits were
based on a validated 166-item semiquantitative food-frequency questionnaire (FFQ) (22).
We slightly modified the FFQ for use in pregnancy from the FFQ used in the Nurses’ Health
Study and other cohort studies (23). Modifications for use in pregnancy included changing
the time referent, beverage section, and vitamin and supplement assessment. The FFQ used
at the first visit reflected intakes in the first trimester; the time referent was “during this
pregnancy.” In addition, we collected information on beverage intake during 2 specified
time periods: before and after the participant learned that she was pregnant. To assess
vitamin and supplement intakes during the first trimester, we administered a separate
interview that assessed dose, duration, and brand or type of multivitamin, prescribed
prenatal vitamin, and supplements. The FFQ used at the second visit (26-28 wk of
gestation) reflected intakes during the second trimester; the time referent was “during the
past 3 mo.” The second trimester instrument was the same as that used in the first trimester
except that we assessed the use of vitamins and supplements as part of the self-completed
FFQ and we collected beverage information during the one time period.

To calculate nutrient intakes, we used the Harvard nutrient composition database, which
contains food-composition values from the US Department of Agriculture, and other sources
(24). We calculated vitamin D intake for each FFQ, and the mean of these 2 values was the
assigned exposure for each woman during pregnancy (25). We used a similar approach for
retinol and calcium intakes. For the analyses based on foods rather than nutrients, we
focused on milk (servings/d)—the major contributor to vitamin D intake in the diet. We also
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examined foods with possible effects on asthma risk (11, 26): fruit and vegetables
(servings/d) and fish (servings/wk).

At the first visit in early pregnancy, in addition to diet assessment, we obtained information
on maternal age, race-ethnicity, household income, education, marital status, last menstrual
period (LMP), height, prepregnancy weight, gravidity, and history of atopic disorders. At the
second visit in midpregnancy, we updated many of these variables. We calculated maternal
prepregnancy body mass index as weight (in kg) divided by the square of height (in m). We
calculated gestational age using the mother’s reported LMP, or from second trimester
ultrasound if they differed by >10 d. From the hospital vital statistics record, we abstracted
infant birth weight. We determined a birth weight—for—gestational age z value (fetal growth)
by using US reference data (27). At the 6-mo and 1-y visits, we asked about infant feeding,
vitamin supplements, and household exposures. At the 2-y visit, we also used a validated
FFQ to assess the children’s vitamin D intakes (28).

Our primary outcome was based on the Asthma Predictive Index (29). We assessed wheeze
status initially by asking 2 questions at each of the 3 annual visits: 1) Since your child was
born (was 12 mo old, was 2 y old) has he or she ever had wheezing (or whistling in the
chest)?, and 2) Since your child was born (was 12 mo old, was 2 y old), how many attacks
or episodes of wheezing has he or she had? We defined recurrent wheeze as =2 wheezing
attacks (summed from the 1-, 2-, and 3-y annual questionnaires) in children with a personal
diagnosis of eczema or parental history of asthma.

Secondary wheeze outcomes included the larger group of children with “any wheeze” (ie,
any report of wheezing during the first 3 y of life). Also, at the other end of the wheezing
spectrum, we looked at 2 subsets of children with recurrent wheeze: 1) those who also had
doctor-diagnosis of asthma (by maternal report), and 2) those with =4 wheezing attacks
(summed over the annual questionnaires). These 2 subgroup analyses excluded subjects with
an intermediate phenotype so that children who satisfied the more stringent case definitions
were compared with children without any wheeze.

Finally, we examined 2 related outcomes: respiratory infection and eczema. We defined
respiratory infection as a positive response to =1 of 3 questions on any of the annual
questionnaires: Since your child was born (was 12 mo old, was 2 y old), have you been told
by a health professional that he or she has bronchiolitis, pneumonia, bronchitis, croup, or
any other respiratory infection? We defined eczema as a positive response to one question
on any of the annual questionnaires: Have you ever been told by a health care professional
that your child has eczema?

Data analysis

To assess the associations between vitamin D intake and clinical outcomes, we used
multiple logistic regression models. We assessed the confounding effect of covariates by
examining the association of vitamin D intake with outcomes before and after adding the
covariates to the model. From the models, we present results using an odds ratio (OR) and
95% CI. We calculated the P for trend across quartiles using median values within each
quartile. We examined effect modification of the association of maternal intake of vitamin D
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with risk of recurrent wheeze by 6 factors: prepregnancy BMI (dichotomized at median of
23.4 kg/m2), maternal calcium intake during pregnancy (1200 mg/d), maternal retinol intake
during pregnancy (2500 1U/d), parental history of asthma (yes or no), white maternal race
(yes or no), and season of LMP. We first put an interaction term in the model (continuous
total vitamin D x factor) and then ran multivariate models stratified by the factor. We
performed all analyses using SAS version 8.2 (SAS Institute, Cary, NC).

RESULTS

The mean (£SD) age of mothers at enrollment was 32.5 £ 4.9 y. Most of the mothers (72%)
had at least a college education, and 65% lived in households with an annual income of >
$70 000. The mean (£SD) prepregnancy BMI was 24.5 +5.1, and 10% of the mothers
smoked during the index pregnancy. Approximately half of the children were male (51%)
and 74% were white. Their mean (£SD) birth weight was 3.51 +0.52 kg, and the mean
(xSD) gestational age was 39.6 £1.5 wk. Children were breastfed for a mean (£SD) of 6.4
+4.5 mo, and 53% were born into homes with other children aged <12 y. Of the mothers,
31% had either asthma (17%) or eczema (20%); 26% of the fathers had either asthma (14%)
or eczema (15%).

The mean (£SD) total vitamin D intake during pregnancy was 548 +167 1U/d, with an
average of 225 U from food and 319 U from supplements. Maternal intake of vitamin D
during pregnancy was <400 1U/d in 19% of women. Milk was the primary food contributor
to vitamin D intake during pregnancy, accounting for 53% of intake; other substantial
contributors were fish (18%) and cold cereal (9%).

Maternal vitamin D intake was associated with several factors that might affect risk of
asthma (Table 1). Mothers with a higher intake of vitamin D were slightly older, less
overweight, of higher socioeconomic status, less likely to smoke during pregnancy, and
more likely to have a personal history of eczema. They consumed a little more fish but their
intake of fruit and vegetables did not differ. Maternal vitamin D intake was not associated
with conception during the winter months (ie, fall birthday), sex, birth weight, or gestational
age. However, children of women with a higher maternal intake of vitamin D were more
likely to be born to white mothers, to have been breastfed longer, to take a vitamin
supplement in the first 6 mo of life, and to consume more vitamin D from foods at age 2 y.
For the children, the mean (£SD) vitamin D intake from foods was 249 + 101 1U/d; milk
contributed 71% of vitamin D, fish 1%, and cold cereal 17%. The home environment of
mothers with a high vitamin D intake was characterized by less passive smoke exposure and
fewer siblings aged <12y, but no difference in exposure to pets or other common allergens
was found.

The unadjusted inverse linear association between maternal vitamin D intake and risk of
recurrent wheeze in offspring is shown in Figure 1. Because individual observations would
otherwise be difficult to distinguish, we added random noise to the display of each
observation. The smoothed line shows the approximate probability of recurrent wheeze for
each observed value of vitamin D intake. This strong inverse association is confirmed in
Table 2 (P for trend <0.001). Compared with mothers in the lowest quartile of daily intake
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(median within quartile: 356 1U), those in the highest quartile (median: 724 1U) had a lower
risk of having a child with recurrent wheeze at age 3 y (OR: 0.39; 95% CI: 0.25, 0.62). The
strong inverse association between maternal vitamin D intake and recurrent wheeze was
robust to controlling for a variety of potential confounders, including traditional asthma risk
factors and putative dietary risk factors such as fish, fruit, and vegetables (Table 2). Further
adjustment for a variety of micronutrients (eg, vitamin C, vitamin E, and zinc) did not affect
the results (data not shown). In contrast with the decreased risk of recurrent wheeze,
maternal intake of vitamin D was not associated with risk of respiratory infections or early
childhood eczema (Table 2).

To further explore these results, we examined risk according to vitamin D intake, both
during pregnancy and over the first 2 y of life. As shown in Table 1, women with a higher
vitamin D intake during pregnancy were more likely to have children who used vitamin
supplements and ate more foods with vitamin D. Nevertheless, the association of maternal
vitamin D intake with recurrent wheeze (Table 2; model 2) did not change with further
control for the child’s use of a vitamin supplement at age 6 mo (OR: 0.39; 95% ClI: 0.23,
0.67; P for trend < 0.001) or for the child’s vitamin D intake from foods at 2 y (OR: 0.34;
95% ClI: 0.20, 0.60; P for trend < 0.001). This issue is addressed in another way in Figure 2:
the mothers and children are stratified by the vitamin D intake of each group, with high-low
cutoffs set at 400 1U for mothers and 200 U for children. The data in the figure show that
the decreased risk of recurrent wheeze was largely, if not entirely, due to a high maternal
intake of vitamin D during pregnancy.

The risk of recurrent wheeze with maternal vitamin D intake, expressed as a 100-1U/d
increase rather than in categories, is shown in Table 3. The results closely resemble the
strong inverse association shown in Table 2. Moreover, the results were similar for vitamin
D from food only and for vitamin D from supplements only. Further adjustment for race-
ethnicity and college education did not change the inverse association between maternal
vitamin D intake and risk of recurrent wheeze (OR: 0.81; 95% ClI: 0.72, 0.90). We also
examined the potential effect of 2 dietary factors correlated with vitamin D intake: retinol (r
= 0.53) and calcium (r = 0.57). Neither nutrient confounded the strong inverse association
between maternal vitamin D intake and risk of recurrent wheeze (Table 3).

To further explore the spectrum of wheezing illnesses of childhood, we looked at the
relation of maternal vitamin D intake with risk of any wheeze (n = 416 cases) and with
subsets of the primary outcome: recurrent wheeze with doctor-diagnosed asthma (n =132
cases) and recurrent wheeze with 24 wheezing episodes (n = 86 cases). For each 100-1U
increase in maternal vitamin D intake, we observed a somewhat weaker but still
significantly lower risk of any wheeze (OR: 0.89; 95% CI: 0.82, 0.97). The inverse
association appeared stronger for the most stringent wheeze outcomes: children with
recurrent wheeze and doctor-diagnosed asthma (OR: 0.82; 95% CI: 0.71, 0.93) or recurrent
wheeze with >4 wheezing episodes (OR: 0.79; 95% CI: 0.67, 0.93). All of these values were
adjusted for the 12 factors in model A (Table 3).

As noted earlier, a major dietary source of vitamin D is fortified milk. Accordingly, we
examined the association between milk intake by mothers during pregnancy and risk of
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clinical outcomes in their children. Compared with mothers who did not drink milk (who
had a median vitamin D intake of 479 IU from other foods and supplements), and after
adjustment for 12 factors, risk of recurrent wheeze was lowest among those drinking 1-1.9
cups/d (OR: 0.35; 95% CI: 0.16, 0.80). The associations were less extreme for those
drinking <1 cup/d (OR: 0.57; 95% CI: 0.27, 1.24) or =2 cups/d (OR: 0.45; 95% CI: 0.20,
1.02). The overall P value for milk in this multivariate model was 0.046, whereas the P for
linear trend (across categories of increasing milk intake) was 0.13.

Finally, we explored effect modification of the association of maternal intake of vitamin D
with risk of recurrent wheeze. Only season of LMP showed a likely interaction (P = 0.06).
Maternal intake of vitamin D was associated with a lower risk of recurrent wheeze when the
LMP was in the winter. The multivariate OR per 100-1U/d increase was 0.62 (95% Cl: 0.47,
0.83) for LMP in winter compared with 0.85 (95% CI: 0.75, 0.97) in other seasons.

DISCUSSION

In this prospective cohort study of almost 1200 mother-child pairs from the northeastern
United States, a higher maternal intake of vitamin D during pregnancy was associated with a
lower risk of recurrent wheeze in children 3 y of age. The inverse association was
independent of many potential confounders, including adjustment for fish intake, fruit and
vegetable intake, early use of a vitamin supplement, and child’s intake of vitamin D at age 2
y. The association was present for vitamin D from either foods or nutritional supplements. In
addition, among children conceived in the winter months and therefore born in the fall (a
time of low ultraviolet light B exposure), the inverse association between maternal intake of
vitamin D and risk of recurrent wheeze was stronger.

In recent years, vitamin D has been a focus of growing interest in public health nutrition (2,
3). Vitamin D insufficiency is common in the United States, especially in northern latitudes
(4, 5). This insufficiency is multifactorial but probably stems from a combination of
decreased dietary intake of vitamin D (eg, from fortified milk or fish) and decreased sun
exposure (eg, because of lifestyle choices or increased use of sunscreen). Indeed, northern
populations receive too few ultraviolet light B rays between November and March to
generate sufficient vitamin D in the skin (4), and studies suggest that one cannot drink
enough milk to overcome this shortfall (30). The reemergence of childhood rickets in recent
years (31) has led the American Academy of Pediatrics to recommend vitamin D
supplementation for high-risk groups (32). Most nutritionists rely on the 1997 Institute of
Medicine recommendations (33), but a growing number are recommending that high-risk
populations take a daily supplement of 800 to 1000 1U (34).

At present, very little is known about how vitamin D affects the lungs. Some studies report
findings that are in general agreement with ours. For example, Black and Scragg (35)
recently reported cross-sectional data from the third National Health and Nutrition
Examination Survey and found that serum 25-hydroxyvitamin D was inversely associated
with forced expiratory volume in 1 s and forced vital capacity in the US general population.
The authors and the accompanying editorial (36) called for studies to determine whether
vitamin D is of any benefit in patients with respiratory disease. Concurrent with this
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population-based study, Xystrakis et al (37) in London administered vitamin D to a small
group of healthy persons and steroid-resistant asthmatic patients and found that the
intervention enhanced subsequent responsiveness to dexamethasone for induction of
interleukin (IL)-10. The authors suggested that vitamin D could potentially increase the
therapeutic response to glucocorticoids in steroid-resistant asthma patients.

In contrast, a birth cohort in northern Finland reported that regular vitamin D
supplementation in the first year of life increased the risks of developing atopy, allergic
rhinitis, and asthma by age 31y (38). The authors, however, collected no information on
maternal intakes of the vitamin, and control for major confounders was limited.
Furthermore, recall bias may have affected the ascertainment of early life asthma and
allergies. Although these results are consistent with historical concerns about the potential
adverse effects of milk intake on asthma and allergic diseases, most studies do not support
this hypothesis (39). Indeed, the few epidemiologic studies that have examined the issue
have reported an inverse association between milk intake and risk of asthma in young
children (40, 41).

Laboratory research suggests several potential mechanisms for how vitamin D can affect
risk of asthma. For example, several recent genetic association studies (42—-45) suggest that
polymorphisms of the VDR gene are related to obstructive pulmonary disease. Other
proposed mechanisms include modulation of antigen-presenting cells, such as macrophages
(46, 47), and the generation of regulatory T cells (48, 49) that express potentially inhibitory
cytokines (IL-10 and transforming growth factor f), and the ability to potently inhibit
antigen-specific T cell activation (50). A murine model of pulmonary eosinophilic
inflammation showed that vitamin D supplementation of adult mice led to changes in
cytokines, immunoglobulin E concentrations, and airway eosinophilia during allergen
sensitization (51). Although many laboratory studies suggest that vitamin D induces a shift
in the balance between T helper subset 1 (Th1)- and Th2-type cytokines toward Th2
dominance (12), Pichler et al (52) found that in CD4* and CD8" human cord blood cells,
vitamin D inhibits not only IL-12—generated interferon y production but also suppresses IL-4
and IL-4-induced expression of 1L-13. If a shift away from the fetal Th2-type pattern in
humans is linked with asthma protection, our maternal intake findings are consistent with
the cytokine findings of Pichler et al. Thus, the differences between the studies on the Thl-
Th2 dominance may lie in the timing of exposure of the cells to vitamin D (ie, prenatal
versus postnatal); the response of naive T cells to vitamin D exposure may differ from that
of mature cells when exposed to vitamin D (53). Another possibility is that the association
depends on the vitamin D status of the individual. In other words, lower vitamin D intakes
(eg, to replete a deficiency state) may have different consequences than relatively high-dose
supplementation, whereas an excess of vitamin D may indeed have opposite effects. These
hypotheses merit further investigation.

Our study has several potential limitations. The early age of outcome measurement limits
our ability to generalize these findings from recurrent wheeze to actual asthma. Many
children who wheeze before 3 y of age have transient episodes and do not go on to have
asthma (54). However, the chosen 3-y outcome carries an almost 10-fold increased risk of
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developing asthma by age 6 y (29). Continued follow-up of our birth cohort will determine
whether the findings translate to a decreased risk of asthma later in childhood.

Another limitation is that all participants came from Massachusetts, were predominantly
white, and were of higher socioeconomic status; the generalizability of the observed
associations merits further study. However, on the basis of a growing body of literature on
vitamin D, we anticipate stronger associations among African Americans and Hispanics
living in the northern United States. Large interindividual differences in time spent outdoors
and in sunscreen use will complicate the generalizability of these diet-asthma associations to
regions with more sunlight exposure.

In summary, we found a strong inverse association between maternal intake of vitamin D
during pregnancy and risk of recurrent wheeze in children at 3 y of age. The protective
association was present for vitamin D from both diet and nutritional supplements and was
observed in the context of apparently adequate intakes of vitamin D (33) for most women in
this northeastern US population. Pregnant and lactating women are known to be at higher
risk of vitamin D deficiency (55), and our findings provide additional support for efforts to
improve the nutritional status of this population, including recommended intakes of >400
IU/d. The primary implications of our findings are in the research arena, eg, the need for
additional prospective studies to confirm or refute our vitamin D—asthma hypothesis. If
others replicate our findings, we would support the initiation of randomized trials of vitamin
D repletion in populations at high-risk of asthma morbidity and mortality. The low cost and
safety of vitamin D—containing foods and supplements could provide a very attractive
intervention for the primary prevention of asthma.
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FIGURE 1.

Unadjusted inverse linear association between maternal vitamin D intake and risk of
recurrent wheeze in offspring. The top band of dots (Yes) represents children who
developed recurrent wheeze, and the bottom band of dots (No) represents children who did
not develop recurrent wheeze. The vertical lines represent percentiles of maternal vitamin D

intake.

Am J Clin Nutr. Author manuscript; available in PMC 2015 April 22.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Camargo et al.

Page 14

2.5
| B
e
g * 11 R AR ERCICr! | [NESER ST T WD P S
o
-
3 104 a e
Reference
0.0
Low maternal, Low maternal, High maternal, High maternal,
low child high child low child high child
Vitamin D intake
FIGURE 2.

Risk of recurrent wheeze stratified by vitamin D intake. (Groups are split at 400 1U vitamin
D for mothers during pregnancy and at 200 U vitamin D for children at age 2 y.) Odds
ratios are adjusted for the 12 factors in multivariate model 2 (see Table 2). In a formal test
for interaction, the main effect of maternal vitamin D intake was significant (P <0.001), but
the main effect of child vitamin D intake and the interaction term for maternal-child vitamin
D intake were not (P > 0.80 for both).
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TABLE 3

Odds ratios (and 95% Cls) for maternal intake of vitamin D during pregnancy and risk of recurrent wheeze in
children at 3 y of age (n = 1194 mother-infant pairs)

Vitamin D intake (per 100 |U/d)

Total

Food only

Supplement only

Unadjusted

Multivariate model AL
Multivariate model B2
Multivariate model C3

Multivariate model D4

0.81 (0.74, 0.89)
0.80 (0.72, 0.90)

0.79 (0.69, 0.91)

0.81 (0.71, 0.93)

0.81 (0.69, 0.96)
0.79 (0.65, 0.96)

0.80 (0.66, 0.97)

0.82 (0.73,0.92)
0.82 (0.71, 0.95)

0.82 (0.71, 0.95)

1Adjusted for sex, birth weight, income, maternal age, maternal prepregnancy BMI, passive smoking exposure, breastfeeding duration at 1y,
number of children <12 y of age in household, maternal history of asthma, paternal history of asthma, and intakes of fish and fruit and vegetables.

2Adjusted for the 12 factors in model A plus maternal intake of vitamin D from supplements (in food-only models) and vitamin D from foods (in

supplement-only models).

3 . . . .
Adjusted for the 12 factors in model A plus maternal intake of calcium.

4 . . . .
Adjusted for the 12 factors in model A plus maternal intake of retinol.
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