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Abstract 

Background While familial clustering of asthma is known, few studies have reported on the relative 

roles of paternal and maternal asthma, and the role of maternal asthma control in pregnancy on the 

risk for asthma in the child.  

 

Objective We aimed to investigate the relative roles of paternal asthma, maternal asthma, and 

maternal asthma control during pregnancy on the risk of asthma or recurrent wheeze in 3-year old 

children how prenatal and cord blood vitamin D status might affect this risk. 

 

Methods Data from 806 women, their partners (biologic fathers of the infant), and their children 

participated in the Vitamin D Antenatal Asthma Reduction Trail (VDAART, clinicaltrials.gov 

identification number NCT00920621) were used for this cohort analysis. The parental report of 

physician-diagnosed asthma or recurrent wheeze in offspring was the main outcome.
  
Weibull 

regression models for interval-censored event times were used to estimate the main variables of 

interests and additional covariates on the outcome. 

 

Results The highest risk was observed among children with both parents being asthmatic relative to 

non-asthmatic parents (aHR=2.30, 95%CI: 1.35-3.84), and less so if only the mother was asthmatic 

(aHR=1.70, 95%CI: 1.17-2.40). In the subset of children born to asthmatic mothers, the risk for 

asthma was higher in those who were born to mothers whose asthma was uncontrolled (aHR=1.60, 

95%CI: 1.02-2.54). Children whose mothers had sufficient vitamin D status (25Hydroxyvitamin 
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D30 ng/mL) at early and late pregnancy and had cord blood vitamin D sufficiency demonstrated a 

lower risk of asthma/recurrent wheeze than children who had insufficient vitamin D status at birth 

(aHR=0.47, 95%CI: 0.27-0.83).   

 

Conclusion and Clinical Relevance Careful attention to maternal asthma control, monitoring vitamin 

D status and correcting insufficiency at early pregnancy and maintaining the sufficiency status 

throughout pregnancy have potential preventive roles in offspring asthma or recurrent wheeze. 

 

Introduction 

In 2015, asthma was reported as the most prevalent chronic respiratory disease worldwide. (1) Data 

from surveys that use current episodes of wheezing or a physician’s diagnosis of asthma for the 

definition of disease show that asthma affects 5–16% of people worldwide and continues to grow. 

A recent study estimated that the prevalence of asthma increased by 12.60% (9.0–16.40) to 358.20 

million individuals (323.10 million to 393.50 million) from 1990 to 2015.(1)   

 

In many children wheezing is transient, however, those who wheeze in the first 3 years of life are 

found to be at higher risk of asthma at the age of 5 to 7 years.(2-4) Population-based birth cohort 

studies suggest that the majority of individuals diagnosed with asthma during first two decades of life 

had recurrent wheezing episodes during early life and the preschool years.(4, 5) These observations 

indicate that early life perturbation of biological developmental processes might either initiate or 

enhance a pre-clinical stage of asthma years before the physician diagnosis of the disease.(6) Such 

mechanistic alterations could be more prominent in predisposed persons since genetic and 

immunological studies point to potentially inherited early life defective responses of lung resident 

cells, in particular, those associated with the mucosal epithelium that are crucial elements in the 

pathogenesis of asthma.(7-10) Parental history of asthma is the strongest risk factor for asthma in the 

child, with maternal asthma posing a stronger risk than paternal asthma.(11, 12) Few studies, 

however, have investigated the joint effect of maternal and paternal asthma,(11, 13) Because the fetus 
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is fully dependent on the mother, lack of maternal asthma control in pregnancy may also play a role 

(14, 15) in the risk of asthma and recurrent wheeze in children. Epidemiological studies are suggestive 

of an inverse relationship between vitamin D cord blood levels and wheezing in early life and allergy 

outcomes.(16-18)  

 

The Vitamin D Antenatal Asthma Reduction Trial (VDAART) was designed to enroll mothers with 

either a personal history of asthma or allergies or a partner with asthma or allergies, to investigate the 

effect of vitamin D treatment (4400 vs 400 IU) during pregnancy initiated at 10-18 weeks of gestation 

on asthma or recurrent wheeze in the offspring at high risk of asthma. The aims of these secondary 

analyses were to investigate 1) the role of maternal and paternal asthma on the risk for asthma or 

recurrent wheeze in the children, 2) whether the lack of maternal asthma control during pregnancy 

increases the risk of asthma or recurrent wheeze, and 3) whether prenatal (early and late pregnancy) 

and cord blood vitamin D sufficiency (25-hydroxyvitamin D [25OHD] 30 ng/mL) decreases the risk 

of asthma/recurrent wheeze independent of parental asthma status. Since wheezing illnesses are more 

common in boys during childhood, we additionally examined whether child sex affected the risk 

conferred by parental asthma. 

 

Methods 

VDAART Design, Participants and Oversight  

 

VDAART is a randomized, double-blind, placebo-controlled clinical trial of vitamin D 

supplementation (4000 International Units Vitamin D plus a multivitamin with 400 IU Vitamin D 

daily) versus placebo (placebo pill plus a multivitamin with 400 IU vitamin D daily) in pregnant 

women to prevent asthma and recurrent wheeze in their children. In this study, we included pregnant 

women who had children who contributed any information after birth, up to the age of 3 years 

(Supplement Figure S1-study flow diagram). Pregnant women were recruited from 3 clinical sites 

across the United States—Boston Medical Center, Boston, Massachusetts; Washington University at 

St. Louis, St. Louis, Missouri; and Kaiser Permanente Southern California Region, San Diego. The 

data coordinating center was based in the Channing Division of Network Medicine, Brigham and 
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Women’s Hospital, Boston, Massachusetts. The study protocol was approved by the institutional 

review boards at each participating institution and at the Brigham and Women’s Hospital and 

registered with ClinicalTrials.gov (NCT00920621). Eligible participants were women between the 

ages of 18 and 39 years with the estimated gestational ages of 10 and 18 weeks, non-smoker, a history 

of physician-diagnosed asthma or atopy, or a partner (biologic father of the child) with a history of 

physician-diagnosed asthma or atopy. Eligible participants per VDAART protocol (Supplement File 

1) were screened and enrolled between October 2009 and July 2011. All women provided written 

informed consent. The data safety monitoring board convened by the National Heart Lung, and Blood 

Institute met every six months to review recruitment, adherence, adverse events, data quality, and 

protocol changes. Details of the trial design, the protocol, and primary outcome (asthma and recurrent 

wheeze by age of 3 years), as well as further information on the screening, random allocation and 

blinding process, compliance assessment, and trial monitoring, have been published.(19, 20)  

 

Primary Outcome: Offspring Asthma or Recurrent Wheeze 

We used the same primary outcome of the VDAART study for this secondary cohort analysis as in the 

initial report. The primary outcome was the first occurrence of infants’ asthma or recurrent wheeze in 

the first 3 years of life.(19) The child asthma status was determined by a parental report of physician-

diagnosis of asthma. Recurrent wheeze was defined by the occurrence of at least one of the following 

5 conditions: (1) parental report of wheeze prior to the second birthday followed by at least one report 

of wheeze after child's second birthday; (2) parental report of wheeze prior to the second birthday 

followed by report of child's use of asthma controller medication (defined as report of use of steroid 

inhalers or nebulizers, leukotriene modifiers, or steroid pills or liquids) after the second birthday; (3) 

two or more distinct parental reports of wheeze after the second birthday; (4) at least one parental 

report of wheeze and use of asthma controller medications at distinct visits, both subsequent to the 

second birthday; or (5) two distinct reports of use of asthma controller medications after the second 

birthday. 
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Assessment of Main and Additional Study Variables  

The main risk variables of interest included 1) a four-level ordered variable defined for each parent 

with values both parents without asthma, asthmatic father but non-asthmatic mother, asthmatic mother 

but non-asthmatic father, and both parents with asthma; 2) a two-level ordered variable defined for 

each asthmatic mother with values controlled or uncontrolled asthma; and 3) a three level ordered 

variable defined for each infant with values insufficient status in cord blood (regardless of prenatal 

levels in the mother), sufficient status in cord blood with at least 1 insufficient status in maternal 

prenatal blood, and sufficient status in cord blood and sufficient status at both prenatal time points. 

The maternal samples were measured in blood samples collected at 10-18 weeks and 32-38 weeks of 

gestation. For the joint effect of prenatal and cord blood vitamin D levels, 25OHD sufficiency status 

was determined according to the levels cut-off 30 ng/mL (30 ng/mL vs <30 ng/mL).(21)  

 

Completed questionnaires at enrollment and monthly maternal health questionnaires thereafter 

provided the information on absence or presence of parental asthma (maternal or paternal) and 

monitored maternal asthma control status throughout the study until delivery. Either parent was 

considered to have asthma if the mother reported physician-diagnosed asthma at any time in her or her 

partner’s life at the first appointment questionnaire. Thereafter, the monthly questionnaires 

prospectively collected information characterizing maternal asthma control status during pregnancy. 

The Asthma Control Test (ACT), a 5-item questionnaire included in the monthly questionnaires, was 

used to assess a multidimensional perspective of asthma control on the basis of activity limitation, 

frequency of shortness of breath due to asthma, nighttime symptoms, use of rescue medication, and 

self-perception of asthma control over a period of 4 weeks.(22-24) An ACT score of 16 or less was 

considered as the cutoff for discrimination of uncontrolled asthma from controlled asthma during 

pregnancy.(22, 24)  
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Blood Samples and Measurement of 25OHD 

Cord blood vitamin D levels and sufficiency status (25OHD30 ng/mL) were also considered as main 

variables of interest affecting the risk of offspring asthma of recurrent wheeze by age of 3 years.(25)  

Plasma vitamin D levels were determined in a blinded fashion from umbilical cord blood plasma 

collected at birth as predefined in the VDAART protocol.(19, 20) Maternal plasma vitamin D levels at 

enrollment (10-18 weeks) and third trimester (32-38 weeks) were also measured. Measurements of 

25OHD were based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) conducted at 

the Department of Laboratory Medicine and Pathology, Mayo Clinic, Rochester, MN (ThermoFisher 

Scientific, Franklin, Massachusetts 02038 and Applied Biosystems-MDS Sciex, Foster City, CA 

94404). Inter-assay coefficient variations (CV) were all ≤ 6.8% at various concentrations. Total 

25OHD values including 25(OH)D2 and 25(OH)D3 measured by the above method, were used for the 

analyses reported here.  

 

Additional Variables 

A priori covariates known or reported to be risk factors for offspring asthma/recurrent wheeze and 

potential confounders of the measure of association for the main variables of interest with the 

outcome were extracted from the study questionnaires and data records. (26, 27) These maternal 

variables included: number of prior pregnancies (first or more pregnancy including the current one), 

maternal age, gestational age at delivery (37 weeks vs <37 weeks), race (African American, White, 

and other), treatment arm of the trial (placebo vs. vitamin D supplementation), body mass index 

(BMI) at first appointment, clinical center, marital status, and educational status. 

 

Statistical Analysis 

Study group subjects’ characteristics (maternal asthmatics and non-asthmatics) were compared using 

a t-test, Chi-square or Fisher’s exact test. To make full use of all available observation time, we used 

interval-censored event-time analysis to test for the categorical variables of interest on the first 

occurrence of the primary outcome i.e. asthma diagnosis or recurrent wheeze. We examined the trend 
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of outcome proportions across the risk variables of interest. Furthermore, distributions of outcome-

free time of the offspring during first 3 years of life were compared across variables of interest by log-

rank trend test, and the Kaplan–Meier method was used to depict survival curves. Weibull univariable 

regression models for interval-censored event times were used to estimate the adjusted effects of and 

other covariates on the outcome.(28) Each of 3 main variables of interest was examined in a separate 

model and results were compared. Univariable analyses were used to reduce the number of potential 

confounders. Any potential confounder that had at least a modest (P<0.20) relation with both the 

outcome variable and the predictor of interest or caused more than 10% change in baseline coefficient 

of the predictor of interest in the bivariable analysis was included in later multivariable models. 

Thereafter, stepwise multivariable Weibull regression models incorporating covariates were used to 

assess the effects of the main variables of interest. Crude and adjusted hazard ratios (HR and aHR) 

were calculated with 95% confidence intervals (CI) and corresponding P values were calculated with 

the use of the Weibull model. R version 3.4 was used for all analyses (R Foundation for Statistical 

Computing; packages interval, survival, SurvRegCensCov, ggplot2). All tests were 2-sided, and the 

significance level was pre-specified at P<0.05. 

 

Results 

Study groups  

Out of 816 mothers, data on 806 mothers and their children were available for analysis (Figure S1). 

There were 322 asthmatic mothers and 484 non-asthmatic mothers. Of 484 non-asthmatic mothers, 

358 had atopy and the rest had a partner with asthma or atopy.  The baseline characteristics of the 

study groups (maternal asthma vs no maternal asthma) were compared in Table 1. Among those, 

maternal BMI25 at first appointment was slightly less prevalent among non-asthmatics compared 

with asthmatics (278/422[57.43%] and 98/322[65.60%], respectively, Chi-square P=0.044), and 

higher proportion of partners with a history of asthma among non-asthmatic mothers (57/322[17.70%] 

and 132/489[27.27%] among asthmatics and non-asthmatics, respectively; Chi-square P=0.004). The 

incidence of lower respiratory infections (LRTI, at least one occasion) among children born to 
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asthmatic and non-asthmatic mothers was not different (P=0.16, Table 1), however, there was a higher 

incidence of LRTI (at least one occasion) among children with asthma or recurrent wheeze as 

compared with those without asthma or recurrent wheeze (RR=2.8, 95% CI: 2.22-3.48). Maternal 

atopy history was not different between study groups, i.e. pregnant women with and without asthma 

(P=0.41).  Furthermore, mothers’ report of breast feeding at age of 3 years did not show a difference 

between those with and without asthma (P=0.7, Table 1).  

 

218 children had asthma/recurrent wheeze by age of 3 years (125 with asthma diagnosis, of whom, 

76.8% also had recurrent wheeze). In asthmatic and non-asthmatic mothers, the incidence of 

childhood asthma/recurrent wheeze was 115 (115/322[35.71%]) and 103 (103/484[21.28%]), 

respectively. The trend toward higher incidence of asthma/recurrent wheeze during first three years of 

the offspring’s life in asthmatic mothers (regardless of control status) compared with non-asthmatic 

mothers was further demonstrated in survival (Kaplan Meier) curves in Figure 1A - crude risk (hazard 

ratio-HR) estimate of 1.88 (95%CI: 1.44-2.45, P<0.001).  

 

Effect of parental asthma and maternal asthma control status on offspring asthma/recurrent wheeze 

We examined the effects of categories of parental asthma on the risk of childhood asthma/recurrent 

wheeze by age 3 years. The highest risk was observed among children with both parents being 

asthmatic relative to non-asthmatic parents (aHR=2.30, 95%CI: 1.35-3.84; Table 2). This risk was 

relatively lower if only the mother was asthmatic (aHR=1.70, 95%CI: 1.17-2.40).  

 

In the subset of children born to asthmatic mothers (N=322), we then analyzed the effect of maternal 

asthma control in pregnancy. Children born to asthmatic mothers with lack of asthma control (at least 

with one uncontrolled month) during their pregnancy demonstrated higher risk of asthma/recurrent 

wheeze as compared with children born to asthmatic mothers with controlled asthma (aHR=1.60, 

95%CI: 1.02-2.54; P=0.04). We then performed additional analyses including all mothers (N=806) to 

examine if the maternal asthma effect observed initially was being driven by lack of asthma control in 

pregnancy. To this end, we defined a three-level ordered variable for each mother with values non-
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asthmatics, asthmatic with controlled asthma, asthmatic with at least one month of uncontrolled 

asthma. Compared with children born to mothers without asthma, the risk in children born to mothers 

whose asthma was controlled during pregnancy was still elevated (aHR=1.70, 95%CI: 1.17-2.40). 

This risk was higher among children born to asthmatic mothers who had at least 1 month of 

uncontrolled asthma during pregnancy (aHR=2.40, 95%CI: 1.50-3.50, Table 2).  

 

Effect of prenatal and cord blood vitamin D sufficiency on offspring asthma or recurrent wheeze 

Cord blood 25OHD was lower among infants who had asthma/recurrent wheeze by the age of 3 years 

compared with those who did not have asthma/recurrent wheeze (mean difference of 5.43 ng/mL, 

95%CI: 2.20-8.60; P=0.001). Accordingly, cord blood 25OHD levels at delivery, independent of the 

effect of maternal asthma, was a predictor of asthma and recurrent wheeze such that a 10-unit increase 

in cord blood 25OHD resulted in a 13% reduction of child asthma/recurrent wheeze during the first 3 

years of life (aHR=0.87, 95%CI: 0.79-0.97; P=0.01). Sufficient cord blood vitamin D at delivery (30 

ng/mL), regardless of maternal plasma vitamin D sufficiency status during pregnancy, resulted in a 

reduced risk of child asthma/recurrent wheeze by 34% compared with children who had insufficient 

vitamin D status (<30 ng/mL) at birth (aHR=0.66, 95%CI: 0.47-0.90; P=0.002, Table 2).  

 

Plasma levels of cord blood 25OHD were correlated with maternal plasma 25OHD levels at 32-38 

and 10-18 weeks of gestation (0.73 and 0.39, respectively; P<0.001). The incidence of 

asthma/recurrent wheeze was 32.17(74/230), 23.51(67/285) and 15.84(16/101) among children with 

cord blood vitamin D insufficiency, cord blood vitamin D sufficiency not preceded by prenatal 

sufficiency status at both enrollment and third trimester, and cord blood vitamin D sufficiency 

preceded by prenatal sufficiency status at both enrollment and third trimester, respectively. The 

incidence demonstrated a reduction of child asthma/recurrent wheeze across the prenatal and cord 

blood vitamin D sufficiency categories and indicated a difference in hazard rates across ordered 

vitamin D categories (P for trend<0.001, Figure 1B). In multivariable models including parental 

asthma status and maternal asthma control status as main variables, the trend in risk estimates 

remained significant across categories of vitamin D sufficiency status (Table 3).   
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Child sex 

Child’s sex did not significantly affect the prior estimated HRs for the association of parental asthma 

status nor maternal asthma control with asthma/recurrent wheeze in children. Male offspring had 

independent increased risks for asthma/recurrent wheeze compared with female offspring in these 

adjusted models (Table 2).  

 

Discussion 

We have confirmed previously reported findings that maternal asthma is a risk factor for childhood 

asthma/wheeze by 3 years of age. While paternal asthma did not confer independent risk for 

asthma/recurrent wheeze in the children, having both parents with asthma conferred higher risk than 

maternal asthma alone.  We then demonstrated that lack of maternal asthma control during pregnancy 

increased the risk of asthma/recurrent wheeze in children. We also found that having prenatal and 

cord blood 25OHD sufficient status (30 ng/mL) was independently associated with reduced risk of 

asthma/recurrent wheeze by age of 3 years.  Offspring sex did not alter these risk estimates, but boys 

had a higher risk for asthma/recurrent wheeze than girls.  

 

Our results corroborate the previous studies that maternal asthma is a strong risk factor for early 

childhood asthma and wheeze (12) and that having both parents with asthma increased the risk 

further. Few studies investigated the joint effect of parental asthma on risk of childhood asthma. 

While maternal asthma is an established risk factor, few studies have assessed the additive effects of 

maternal asthma activity or lack of asthma control during pregnancy.(14, 15) As such we 

demonstrated that a lack of maternal asthma control during pregnancy confers a higher risk of 

offspring asthma/recurrent wheeze as opposed to controlled status throughout pregnancy. The 

estimated risks in our study are consistent with the results from a recent study in a large Danish cohort 

of asthmatic and non-asthmatic mothers and their children by Liu et al. that showed that compared 

with controlled asthma or non-asthmatics, uncontrolled asthma during pregnancy was associated with 

higher risk of early-onset persistent and transient asthma.(15) In a recent work, we demonstrated that 

asthmatic mothers with lack of asthma control at 10-18 weeks had a higher risk of experiencing 
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additional episodes of uncontrolled asthma later during their pregnancy.(29) These findings stress the 

importance of optimal asthma control throughout pregnancy for both mothers and their newborns. The 

higher risk of asthma and recurrent wheeze among children of asthmatic mothers with controlled 

asthma during pregnancy compared with non-asthmatic mothers is possible evidence of a genetic 

component for susceptibility to asthma.(30) This genetic susceptibility has been noted and suggested 

to follow non-monogenic patterns of inheritance.(31-33) An alternative explanation is that mothers 

and babies usually share very similar environments in the first few years of life.(11) 

 

There is evidence that the predisposition to developing asthma is established in utero and in addition 

to genetic susceptibility, maternal environmental exposure could influence early life airway hyper-

responsiveness and risk of asthma in early and later in life.(34-36) The greater influence of 

uncontrolled compared with controlled asthma on the development of offspring asthma/recurrent 

wheeze in our study further supports the role of prenatal environmental risk factors in asthma 

development in early life. However, the mechanism involved in how a lack of maternal asthma 

control exerts its intrauterine influences and a subsequent increase in the risk of children’s early life 

asthma risk is unknown. Such an effect could be partly a result of an interplay between genetic factors 

associated with susceptibility to asthma and those associated with or induced perturbations by 

uncontrolled asthma during pregnancy.(6, 37)  

 

In our VDAART main results, vitamin D supplementation of 4400 vs. 400 IU initiated at 10-18 weeks 

of gestation resulted in a trend toward reduction of asthma/recurrent wheeze in the first 3 years of life 

using an intent to treat analysis (P=0.051).(19) We have subsequently demonstrated that this effect is 

dependent on initial maternal 25OHD.(38) Here, we demonstrated that cord blood 25OHD sufficiency 

at delivery reduced asthma/recurrent wheeze incidence by 33% during first 3 years of life, 

independent of maternal asthma status. There was a further reduction of the risk (up to 50%, Table 3) 

by maintaining maternal serum 25OHD sufficiency throughout pregnancy. This observation 

highlights the need to correct maternal vitamin D insufficiency at an early stage of pregnancy and 

monitor and maintain sufficiency throughout pregnancy. Vitamin D has been implicated in the 
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programming of the immune system, induction of T-regulatory cells at maternal-fetal interface, and 

fetal development that can influence asthma-related risk factors and outcomes in later life.(39) 

Furthermore, an effect of maternal vitamin D intake during pregnancy on gene expressions in cord 

blood has been shown.(40, 41) In addition, some studies implicate variants of vitamin D receptor 

genes (VDR) interaction with functional variants of genes (e.g. IL10) involved in asthma and atopy, 

with a potentially protective role.(42) These reports require further investigation.  

 

There are limitations to our study. The VDAART cohort is a population sample of non-smoking 

pregnant women with high risk of atopy in their children. This fact might limit the generalizability of 

the risk estimates. Furthermore, lack of data on pre-pregnancy asthma severity status and a low 

frequency of uncontrolled asthma among pregnant asthmatic women in our cohort limited our 

capability to thoroughly investigate domains of asthma control and a dose response effect of 

uncontrolled asthma among pregnant women with asthma.  

 

In conclusion, we have confirmed previously reported studies that maternal asthma is a key risk factor 

for asthma/recurrent wheeze in early childhood and demonstrated the additive effect of paternal 

asthma in augmentation of such an effect. We have also demonstrated that a lack of asthma control 

during pregnancy increases the risk of offspring asthma/recurrent wheeze in early life. Additionally, 

vitamin D sufficiency throughout pregnancy confers protection against the development of offspring 

asthma/recurrent wheeze independently of maternal asthma. These findings suggest that careful 

attention to maternal asthma control, monitoring vitamin D status and correcting insufficiency at early 

pregnancy and maintaining the sufficiency status throughout pregnancy have potential preventive 

roles in offspring asthma/recurrent wheeze. Longer follow-up of the children and additional 

prospective birth cohort studies are required to confirm our findings. These studies should also 

investigate potential mechanisms underlying the association between uncontrolled asthma in 

pregnancy and offspring asthma/recurrent wheeze risk. 
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Figure Legends 

Manuscript Figure 

Figure 1A. Kaplan-Meier survival estimates demonstrating the proportion of children free of 

asthma/recurrent wheeze by maternal asthma status. Estimates were obtained from nonparametric 

maximum likelihood estimation with interval-censored response times (P<0.001). The hazard ratio 

(HR) for the time to the first event of asthma or recurrent wheeze obtained using Weibull regression 

model was 1.88 (95%CI: 1.44-2.45, P<0.001). 

 

Figure 1B. Kaplan-Meier survival estimates demonstrating the proportion of children free of 

asthma/recurrent wheeze by prenatal and cord blood vitamin D sufficiency status (P for trend <0.001). 

The adjusted hazard ratio (aHR) for the time to first event of asthma or recurrent wheeze obtained 

using Weibull regression model was 0.70 (95%CI: 0.50-0.98, P=0.041) for cord blood vitamin D 

sufficiency not proceeded by maternal vitamin D sufficiency throughout pregnancy as compared to 
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cord blood insufficiency. The hazard rate was lower if the cord blood sufficiency was preceded with 

maternal prenatal vitamin D sufficiency (aHR=0.51, 95%CI: 0.29-0.88; P=0.02). 

 

Supplement Figure 

Figure 1S. The VDAART Participant Flow. 

 

 

 

Table 1. Study Characteristics (NTotal=806 mother-child pairs).   

 

Features 

Maternal Asthma 

(N=322) 
No Maternal Asthma 

(N=484) 

Asthma control status (N, %) 

   Uncontrolled (at least one ACT score 16) 

   Controlled      

    Missing  

 

94 (28.75) 

227 (70.94) 

1 

 

--------- 

Maternal monthly visits during pregnancy (N) 

   Median  

   Range 

 

5 

1-7 

 

5 

1-7 

Gestational age at enrollment (weeks) 

   Mean (SD)a 

    Range  

 

14.2 (2.78) 

9.86-18.71 

 

14.13 (2.75) 

2.10-19.0 

Maternal Age (years) 

   Mean (SD) 

   Range 

   95% central rangeb 

 

26.7 (5.40) 

18.0-38.80 

18.70-35.30 

 

27.8 (5.5) 

18.0-39.52 

19.0-36.60 

Time from enrollment to delivery (weeks) 

    Mean (SD) 

    Range 

    95% central range 

 

24.84 (3.43) 

11.14-31  

19.15-29.70 

 

24.85 (3.43) 

13.60-35.3 

19.6-29.60 

Gestational age at delivery (weeks) 

   Mean (SD)    

   Range 

   95% central range 

 

    37 weeks (N, %) 

    <37 weeks (N, %) 

 

38.8 (1.8) 

26.0-42.10 

36.20-41.0 

 

295 (91.61) 

27 (8.39) 

 

38.9 (2.1) 

26.20-42.30 

36.0-41.10 

 

438 (90.87) 

44 (9.13) 

25OHD levels (ng/mL) 

    

Cord blood at delivery 

    Mean (SD)    

    Range 

    95% central range 

    N missing 

 

   Sufficiency status (N, %) 

   <30 (ng/ml)  

   ≥30 (ng/ml)  

   N missing 

 

32-38 weeks of gestation (maternal level) 

   Mean (SD)    

   Range 

   95% central range 

   N missing 

 

 

 

37.10 (17.4) 

4.10-93.90 

12.62-67.22 

69 (21.71) 

 

 

91 (27.83) 

162 (49.85) 

                69 

 

33.3 (15.12) 

5.8-81.3 

9.6-60.1 

16  

 

 

 

 

37.0 (18.8) 

6.10-149 

11.62-71.64 

121 (24.95) 

 

 

139 (28.43) 

224 (46.22) 

121 

 

32.85 (14.2) 

5.7-90.10 

             13.0-58.70 

20 
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   Sufficiency status (N, %) 

   <30 (ng/ml)  

   ≥30 (ng/ml) 

 

10-18 weeks of gestation (maternal level) 

   Mean (SD)    

   Range 

   95% central range 

   N missing 

 

   Sufficiency status (N, %) 

   <30 (ng/ml)  

   ≥30 (ng/ml) 

 

 

131 (40.68) 

175 (54.35) 

 

 

22.64 (10.33) 

4.35-65.30 

7.6-42.40 

2  

 

 

250 (77.6) 

70 (21.71) 

 

 

217 (44.83) 

247 (51.03) 

 

 

23.18 (10.18) 

4.5-80.80 

8.30-39.60 

3  

 

 

375 (77.70) 

106 (21.70) 

Maternal eczema (N, %)  

     Yes 

      No          

           

           108 (33.54) 

           214 (66.46) 

 

149 (30.79) 

335 (69.21) 

Maternal Allergic rhinitis (N, %)*  

     Yes 

      No         

           

227 (70.50) 

          95 (29.50) 

 

289 (59.71) 

195 (40.29) 

Partner’s allergic rhinitis (N, %)* 

    Yes   

    No   

    Unknown  

 

           96 (29.81) 

          225 (69.88) 

             1 (0.31) 

 

248 (51.24) 

235 (48.55) 

1 (0.21) 

Paternal asthma (N, %) *     

    Yes   

    No  

    Unknown  

             

57 (17.70) 

264 (81.99) 

1 (0.31) 

 

130 (26.86) 

354 (73.14) 

0 

Paternal eczema (N, %) 

    Yes   

    No   

    Unknown  

 

           47 (14.60) 

           274 (85.09) 

             1 (0.31) 

 

86 (17.77) 

396 (81.82) 

2 (0.41) 

Number of pregnancies  

   Median 

   Range 

   95% central range 

 

Category status (N, %) 

   1st 

   >1 

 

2 

1-11 

1-6 

 

 

105 (32.61) 

217 (67.39) 

 

2 

1-13 

1-5 

 

 

176 (36.36) 

306 (63.74) 

Clinical center (N, %) 

   Boston  

   San Diego 

   St. Louis 

 

93 (28.88) 

112 (34.78) 

117 (36.34) 

 

147 (30.37) 

162 (33.47) 

175 (36.16) 

Trial arm (N, %) 

   Vitamin D intervention 

   Control 

 

171 (53.10) 

151 (46.90) 

 

234 (48.35) 

250 (51.65) 

Gestational diabetes (N, %) 

   Yes 

   No 

 

19 (5.90) 

        302 (94.1) 

 

28 (5.90) 

454 (94.1) 

Body mass index at first appointment (kg/m2)* 

   <25   

   ≥25  

   N missing 

 

98 (30.43) 

208 (65.6) 

16 (3.97) 

 

179 (36.98) 

278 (57.43) 

27 (5.59) 

Race (N, %) 

   African American 

   Non-African American 

      White 

      American Indian or Alaska 

      Asian 

      Native Hawaiian 

      Other 

 

147 (45.65) 

175 (54.35) 

125 (38.82) 

5 (1.60) 

9 (2.80) 

4 (1.24) 

32 (9.89) 

 

200 (41.32) 

284 (58.68) 

201 (41.53) 

5 (1.0) 

27 (5.58) 

7 (1.45) 

44 (9.12) 

Maternal marital status (N, %) 

    Not Married/Divorced 

    Married  

 

187 (58.07) 

135 (41.93)  

 

252 (52.07) 

232 (47.93) 

Maternal education completed (N, %)   
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 Less than college 

    less than high school 

    high school, technical school 

    some college 

Above college 

    college graduate /graduate school 

226 (70.19) 

47 (14.60) 

97 (30.12) 

82 (25.47) 

 

96 (29.81) 

307 (63.43) 

53 (10.95) 

144 (29.75) 

110 (22.73) 

           

           177 (36.57) 

Child Sex 

     Male 

     Female   

 

178 (54.28) 

144 (44.72) 

 

243 (50.20) 

241 (49.80) 

Child’s lower respiratory tract infection 

    Yes (at least one occasion) 

     No 

 

116 (36.02) 

206 (63.98) 

 

150 (31) 

334 (69) 

Report of child’s breast feeding before age of 3 yrs 

     Yes 

      No 

      Missing   

 

226 (70.19) 

61 (18.94) 

35 (10.87) 

 

353 (72.93) 

89 (18.39) 

42 (8.68) 
a Standard deviation. 
b Within the 2.5th and 97.5th percentiles of values. 

*All P values of pairwise comparisons between characteristics of subjects with and without history of asthma diagnosis >.05 

with the exception of body mass index at cutoff of 25 mg/kg2 at first appointment, partner with asthma, maternal allergic 

rhinitis, partner with allergic rhinitis (P<.05). 
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Table 2.  Risk of asthma or recurrent wheeze (asthma/recurrent wheeze) in the offspring’s first three years of life by parental asthma diagnosis, maternal asthma and maternal asthma 

control status in Vitamin D Antenatal Asthma Reduction Trial (VDAART) adjusted for potential confounders using stepwise regression models. 

 Univariable analysis 

 

Multivariable analysis 

Main variable: maternal and paternal asthma 

diagnosis status 

Multivariable analysis  

Main variable: maternal asthma and 

control status 

Variable HR 95% CI P-value Adjusted HR 95% CI P-value Adjusted HR 95% CI P-value 

Parental asthma diagnosis 

   Both non-asthmatics 

   Paternal asthma but no maternal asthma 

   Maternal asthma but no paternal asthma 

   Both asthmatics     

 

1(Ref) 

1.03 

1.84 

1.95 

 

 

0.67-1.59 

1.36-2.49 

1.20-3.16 

 

 

0.90 

<0.001 

0.008 

 

1(Ref) 

0.90 

1.70 

2.30 

 

 

0.51-149 

1.17-2.40 

1.35-3.84 

 

 

0.62 

0.006 

0.003 

 

 

Not included 

 

 

----- 

 

 

----- 

Maternal asthma status 

    Non-asthmatics 

    Asthmatics with controlled asthma 

    Asthmatics with uncontrolled asthma (at  

     least one episode during pregnancy)   

 

1(Ref) 

1.55 

2.80 

 

 

1.14-2.1 

1.98-3.99 

 

 

<0.001 

<0.001 

 

 

Not included 

 

 

----- 

 

 

----- 

 

1 (Ref) 

1.70 

2.40 

 

---- 

1.17-2.40 

1.50-3.50 

 

------ 

0.005 

<0.001 

Maternal age 0.95 0.93-0.97 <0.001 ----- ----- ----- ------ ------ ------ 

Gestational age at delivery 

   37 weeks vs <37 weeks 

 

0.41 

 

0.29-0.59 

 

<0.001 

 

0.43 

 

0.26-0.71 

 

0.002 

 

0.44 

 

0.26-0.73 

 

0.002 

Trial arm  

   Placebo vs vitamin D intervention  

 

1.31 

 

1.00-1.71 

 

0.0515 

    

----- 

 

----- 

 

----- 

Cord blood Vitamin D (ng/mL) 

    Sufficient vs. insufficient (30 vs <30) 

 

0.61 

 

0.44-0.83 

 

0.002 

 

0.66 

 

0.47-0.90 

 

0.012 

 

0.67 

 

0.49-0.92 

 

0.012 

Offspring Sex 

     Male vs. Female 

 

1.64 

 

1.25-2.16 

 

<0.001 

 

1.72 

 

1.24-2.40 

 

0.009 

 

1.76 

 

1.27-2.45 

 

0.001 

Clinical site  

   Boston  

   San Diego 

   St. Louis 

 

1(Ref) 

0.52 

0.98 

 

 

0.37-0.75 

0.72-1.33 

 

 

<0.001 

0.91 

 

 

------ 

 

 

 

------ 

 

 

----- 

 

 

----- 

 

 

----- 

 

 

----- 
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Race 

  White  

  African American 

  Other    

 

1 (Ref) 

1.59 

0.82 

 

 

1.19-2.13 

0.53-1.29 

 

 

0.002 

0.39 

 

 

------ 

 

 

------ 

 

 

------ 

 

 

----- 

 

 

 

----- 

 

 

----- 

Maternal marital status 

   Married vs. Unmarried or Divorced) 

 

0.54 

 

0.40-0.71 

 

<0.001 

 

0.60 

 

0.40-0.82 

 

0.002 

 

0.62 

 

0.44-0.87 

 

0.006 

Parity 

   1 vs  2 

 

1.05 

 

0.8-1.4 

 

0.72 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

Maternal education 

   College and above vs. less   

   than College    

 

0.64 

 

0.47-0.86 

 

 

0.004 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

Body mass index at first appointment 

   BMI25 vs. BMI<25 kg/m2 

 

1.13 

 

0.84-1.5 

 

0.42 

 

----- 

 

----- 

 

----- 

 

------ 

 

------ 

 

------ 

Maternal eczema history 

   Yes vs. no 

 

1.10 

 

0.83-1.46 

 

0.50 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

 

----- 

Abbreviation: HR, hazard ratio. Hazard ratios for the outcome were estimated using a Weibull model; HRs and CIs are 2 sided. 
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a. The hazard ratios (HR) are also adjusted for the confounders and covariates in the main analysis, including gestational age for delivery (37 weeks vs. 

<37 weeks), maternal marital status, trial arm, clinical center, race, parity, maternal education, obesity status at first appointment (BMI25). 

b. CI: Confidence Interval  

 

 

 

 

Table 3. Multivariable model of the risk for offspring asthma/recurrent wheeze by age of 3 years, considering parental history of asthma diagnosis, maternal 

asthma and its control status and vitamin D status at 3 time points (enrollment, 3
rd

 trimester and cord blood at delivery). 

  

 

 

Multivariable Analysis
a 

 

 

Multivariable Analysis
a
 

Variable N Adjusted HR
 

95% CI
b 

P-value
 

Adjusted HR 95% CI P-value 

Parental asthma diagnosis 

   Both non-asthmatics  

   Paternal asthma but no maternal asthma 

   Maternal asthma but no paternal asthma 

   Both asthmatics  

 

355 

130 

264 

57 

 

1 (Reference) 

0.90 

1.69 

2.30 

 

 

0.52-1.52 

1.18-2.41 

1.36-3.89 

 

 

0.66 

0.005 

0.002 

 

 

Not included
 

 

 

---- 

 

 

---- 

Maternal asthma status 

   Non-asthmatics     

   Asthmatics with controlled asthma 

   Asthmatics with uncontrolled asthma (at least one  

   episode during pregnancy) 

 

484 

227 

94 

 

 

Not included 

 

 

---- 

 

 

---- 

 

1 (Reference) 

1.67 

2.32 

 

 

1.17-2.38 

1.52-3.55 

 

 

<0.001 

<0.001 

Vitamin D sufficiency status (30 or <30 ng/mL) 

    Cord blood insufficiency  

    Cord blood sufficiency and maternal insufficiency at  

    either 32-38 or 10-18 weeks of gestation or both     

    Cord blood sufficiency and maternal sufficiency at  

    both 32-38 and 10-18 weeks of gestation     

 

230 

285 

 

101 

 

1 (Reference) 

0.71 

 

0.47 

 

 

0.51-0.998 

 

0.27-0.83 

 

 

0.05 

 

0.01 

 

1 (Reference) 

0.70 

 

0.51 

 

 

0.50-0.98 

   

  0.29-0.88 

 

 

0.041 

      

     0.02 
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Figure 1S. The VDAART Participant Flow

9268 Pregnant women assessed for eligibility

8387 Excluded
3317 Not atopic
1449 <18 or ≥40 y
1089 Refused participation
702 Smoked or used drugs
531 Did not speak English or Spanish
503 Fetal anomaly, fetal demise, or abortion 
389 Multiple gestations or pregnancy via IVF 
160 Moving or changing health care clinician 
128 Clinical decision to exclude
69 Taking vitamin D supplements ≥2000 IU/d

or unwilling to take pills
30 Inmate
20 Other

5 Excluded
4 Multiple gestation
1 Medical reason per trial protocol

881 Women randomized

405 Offspring included in the primary analysis

35 Excluded
15 Fetal or neonatal deaths
19 Unable to contact or lost to follow-up
1 Lost to follow-up after delivery

401 Offspring included in the primary analysis

35 Excluded
14 Fetal or neonatal deaths
18 Unable to contact or lost to follow-up
3 Lost to follow-up after delivery

440 Randomized to receive 4400 IU/d of vitamin D 
440 Received supplement as randomized

408 mothers included in the primary analysis 

436 Randomized to receive 400 IU/d of vitamin D 
436 Received supplement as randomized

408 mothers included in the primary analysis

234 Offspring with non-asthmatic mother 
171 Offspring with asthmatic mother 250 Offspring with non-asthmatic mother 

151 Offspring with asthmatic mother

http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2015.18589&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2015.18589
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Supplement File 1.

Inclusion and exclusion criteria were as follows:

Inclusion Criteria

 Maternal personal or biological father history of asthma, eczema, allergic rhinitis. Pregnant

women were considered asthmatic or allergic if they had positive answer to the direct question in

the enrollment questionnaire or any monthly subsequent questionnaire.

 Gestational age between 10 and 18 weeks at the time of randomization

 Maternal age between 18 and 39 years

 Not a current smoker (defined as not having smoked for at least 1 month prior to enrollment) and

not a user of other nicotine products (e.g. nicotine patch) for at least 1 month prior to enrollment

 English- or Spanish-speaking

 Intent to participate through pregnancy

Exclusion Criteria

 Gestational age >18 weeks

 Presence of chronic medical conditions: (i) hypertension on medications, (ii) diabetes mellitus,

(iii) parathyroid disease, (iv) uncontrolled thyroid disease, v) kidney stones, and (vi) sarcoidosis

 Intake of vitamin D supplements containing > 2,000 IU/day of vitamin D3

 Multiple gestation pregnancy

 Pregnancy achieved by assisted reproduction techniques (e.g. IUI, IVF)

 Current use of illicit drugs (defined as any use in the past 6 months prior to enrollment)

 Previously enrolled in the VDAART for a prior pregnancy

 Any major fetal anomalies detected prior to delivery

 Patient Health Questionnaire (PHQ-9) depression scale ≥ 15



 Any condition, in the opinion of the Clinical Center Principal Investigator, that would inhibit

compliance with the study medications or prohibit long-term participation in the trial.
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