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t Gestational 25-hydroxyvitamin D (25[OH]D) is important in fetal lung development 

and may influence offspring respiratory outcomes, making accurate exposure 

assessment essential to understand clinical associations. Therefore, we used the 

combined data from two large RCTs investigating prenatal vitamin D supplemen-

tation, which included early and late prenatal 25(OH)D measurements, to refine a 

population pharmacokinetic model of vitamin D-25(OH)D and estimate individual 

area under the curve (AUC) z-scores. The primary outcome was physician-diagnosed 

offspring asthma/wheezing at ages 3 and 6 years, and lung function, as a secondary 

outcome, was evaluated by spirometry at the ages 6 and 8 years. In total, 1,319 

mother-child pairs were included. We found that clearance of 25(OH)D increased 

with gestational age and bodyweight, and decreased with higher baseline 25(OH)

D levels. Prenatal 25(OH)D AUC z-scores were negatively associated with asthma/

wheezing at age 3 years (aOR=0.75, 95% CI=0.64–0.88, p<0.001) and 6 years 

(aOR=0.83, 95% CI=0.72–0.95, p=0.008). Longitudinal analysis of lung function from 

age 6 to 8 years showed that AUC z-scores were positively associated with percent-

predicted FEV1 (β=1.21%, 95% CI = 0.30-2.11; p = 0.009), FVC (β=0.79%, 95% 

CI=0.13–1.46; p=0.021), FEV1/FVC ratio (β=0.56%, 95% CI=0.11–1.01; p=0.015) 

and FEF25-75% (β=2.18%, 95% CI=0.46–3.91; p=0.009). These results together 

indicate an exposure-outcome relationship where higher gestational 25(OH)D 

exposure, estimated by AUC, is associated with reduced childhood asthma/recurrent 

wheeze and improved lung function.
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Introduction 

Pregnancy triggers the most notable non-pathological adaptation of vitamin D metabolism. 

Following placental implantation, serum levels of the hormonal form 1,25-dihydroxyvitamin 

D (1,25(OH)
2
D) start to rise, peaking at approximately twice their normal concentrations by 

the end of the second trimester.1,2 Although serum 25-hydroxyvitamin D (25(OH)D) levels 

modestly increase, they remain relatively stable despite the expanded plasma volume, 

which is in part due to elevated gestational levels of vitamin D binding protein (DBP).1,2 

Consequently, the correlation between 25(OH)D and 1,25(OH)
2
D is observed to be stronger 

during pregnancy than at any other time in life, and 1,25(OH)
2
D concentrations are more 

amendable to sun exposure and vitamin D supplementation.1,3 The mechanisms driving the 

increase in 1,25(OH)
2
D are yet to be fully elucidated. Initially, it was suggested that the rise 

in 1,25(OH)
2
D served to meet the increased calcium demand of the mother and fetus by 

promoting intestinal absorption.4 However, growing evidence additionally points towards an 

important immunomodulatory function of vitamin D. These include dampening T
H
2 mediated 

allergic responses,5,6 and possibly T
H
1 immune responses,5,7 which may promote a coor-

dinated and balanced immune environment at the maternal-fetal interface.8,9 Moreover, 

the fetal lungs have emerged as key target of 1,25(OH)
2
D.10,11 Animal studies have shown 

that prenatal vitamin D deficiency impairs critical lung development processes, such as 

branching morphogenesis, fibroblast proliferation and alveolarization of the fetal lung,12,13 

and results in structural respiratory deficits, decreased surfactant synthesis, increased 

neutrophil count and airway resistance.14-17 Prenatal vitamin D supplementation alleviates 

these effects.18 Furthermore, in the clinical setting, prenatal vitamin D supplementation has 

been linked to improved early respiratory outcomes, including a decrease in asthma and 

respiratory tract infections and improved lung function in infants.19-23 Proposed mechanisms 

relate to modulation of the offspring airway immune  and microbiota profiles, inhibition of 

airway remodeling, maternal metabolomic alteration relating to the sphingomyelin pathway, 

and enhanced antimicrobial defense.24,25 

The potential of prenatal vitamin D supplementation to reduce childhood asthma and 

wheezing has been explored in two large-scale randomized trials; the Vitamin D Antenatal 

Asthma Reduction Trial (VDAART) and the Copenhagen Prospective Studies on Asthma in 

Childhood (COPSAC
2010

).26,27 Despite the robust trial design, the primary outcome – reduction 

in offspring asthma or recurrent wheeze by the ages 3 or 6 years – was not achieved in 

standard intent to treat analyses.28-31 However, a meta-analysis combining both trials 

revealed a significant protective effect of the vitamin D intervention by age of 3 years.32 

Post-hoc analyses provided further insight into the inconclusive results, demonstrating 
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high variability in participant’s serum 25(OH)D responses to the different doses of vitamin 

D supplementation by baseline 25(OH)D status.33 This variability highlights the challenges 

of evaluating a prodrug like vitamin D, which is subject to endogenous production and 

complex regulation, particularly during pregnancy. Thus, despite the body of preclinical and 

observational data to link prenatal vitamin D exposure and offspring respiratory outcomes, 

traditional arm-based analyses of RCTs may not fully capture these relationships. For 

compounds like vitamin D with detectable baseline levels and variable individual responses, 

an exposure-driven analysis may provide more meaningful insights.9 

To address these challenges, we employed population pharmacokinetic (popPK) modeling, 

a computational method that is useful for disentangling the relationship between dosing, 

pharmacological exposure, and clinical outcomes. This approach leverages population-level 

estimates (typical values) and inter-individual variability to calculate popPK parameters, 

making it particularly useful when dealing with sparse observations in subjects,34 as is often 

encountered in prenatal vitamin D supplementation trials. Individual parameters, including 

area under the curve (AUC), can be derived from the final model using the posterior distribu-

tion.34 Therefore, popPK models are ideally suited for transforming opportunistic prenatal 

serum 25(OH)D measurements into a more meaningful exposure metric that accounts 

for baseline levels, temporal variations, and other covariates, instead of relying solely on 

dosage information. Currently, no popPK models describing the PK of prenatal vitamin D 

supplementation have been developed.

In this post-hoc study, we refined an existing vitamin D popPK model to re-analyze exposure-

response data from the two largest clinical trials to date that have investigated prenatal 

vitamin D supplementation and offspring asthma outcomes. We hypothesized that using a 

popPK model to evaluate vitamin D exposure would allow us to account for individual vari-

ability in responses to supplementation, offering a more nuanced understanding of vitamin 

D pharmacokinetics across diverse trial populations. By leveraging popPK modeling, we 

aimed to provide novel insights into the relationship between prenatal vitamin D levels and 

offspring respiratory outcomes, specifically asthma or recurrent wheeze and spirometric 

indices. This comprehensive assessment of vitamin D exposure throughout pregnancy 

could identify significant associations that previous analyses may have overlooked, thereby 

advancing our understanding of the role of prenatal vitamin D in offspring respiratory health.
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Materials and methods

Study populations 

The trial design and populations of VDAART (NCT00920631, USA) and COPSAC
2010

 

(NCT008566947, Denmark) were approved by the appropriate regulatory and ethical insti-

tutes, and have been described in detail in previous publications.28,30 In VDAART, pregnant 

women were randomized at 10–18 weeks of gestation, and in COPSAC
2010

 at 22–26 weeks 

of gestation, to receive high-dose vitamin D
3
 supplementation (4,000 IU daily in VDAART and 

2,400 IU daily in COPSAC
2010

) or placebo, along with a regular prenatal vitamin containing 

400 IU vitamin D
3
 for all mothers. VDAART, with an intent-to-treat (ITT) population of 806, 

was enriched for a parental history of allergic disease (asthma, eczema or allergic rhinitis). 

COPSAC
2010

, which was population-based, had an ITT population of 581. In both trials, 

children were followed up for the primary outcome of “asthma or recurrent wheeze” until 

the age of 3 and 6 years. Additionally, lung function measurements were available for a 

subset of participants by the age of 8 years in both trials, as part of the trials’ long-term 

follow-up protocols. 

25-hydroxyvitamin D measurements

Maternal serum levels of total 25(OH)D were measured at enrollment (10–18 weeks of 

gestation) and again between 32–38 weeks of gestation in VDAART. In COPSAC, measure-

ments were taken between 22–26 weeks of gestation and again one-week postpartum, 

constituting an approximately 20-week window in both trials. VDAART used a validated 

(inter-assay coefficients of variation <6.8%) chemiluminescence immunoassay (DiaSorin 

Liaison®35) for quantitative analysis and COPSAC relied on liquid chromatography-tandem 

mass spectrometry (LC-MS/MS).36

Primary clinical outcome: Asthma or recurrent wheeze

Asthma or recurrent wheeze in the child’s first 3 or 6 years of life was the primary outcome 

in both VDAART and COPSAC, which was evaluated based on predefined criteria in each 

trial. In VDAART, asthma was defined as parental report of physician-diagnosed asthma as 

derived from quarterly questionnaires since birth. Recurrent wheeze between year 0–3 was 

established when one of the following conditions was met: 1) a report of wheeze before the 

child’s second birthday followed by a report of wheeze or use of asthma medication after 

the second birthday, or 2) two distinct episodes of wheeze or use of asthma medication, 

or one of each, after the second birthday. For the assessment at age 6 years, recurrent 

wheeze was defined as reports of wheeze in 2 separate years over the first 6 years. 
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In COPSAC, asthma or recurrent wheeze between year 0–6 was defined as satisfying 

all following criteria ascertained from daily symptom diaries since birth: 1) five or more 

episodes of troublesome lung symptoms within 6 months, each lasting at least 3 consecu-

tive days, or 4 consecutive weeks with symptoms, 2) typical symptoms of asthma, 3) use 

of intermittent bronchodilator, and 4) response to 3 months of inhaled corticosteroids and 

relapse upon cessation. 

Secondary clinical outcome: Lung function 

The quality control protocol for VDAART lung function measurements has been previ-

ously published.29 Lung function was measured by spirometry at the 6 and 8 year visits 

using the MasterScreen PFT System in combination with the Jaeger Pneumotach (Vyaire 

Medical, Mettawa, IL), following the American Thoracic Society guidelines.37 Spirometry 

was performed standing up with a nose clip, and two or more acceptable recordings. 

The highest value of each index was used for analysis after adjusting for the Global Lung 

Function Initiative (GLI) reference values to obtain age-, height-, sex- and race-adjusted 

percent-predicted values.38 Recordings that were preceded within 24 hours by inhaled 

glucocorticoids or leukotriene modifiers or within 8 hours by any bronchodilators were 

excluded from the analysis. 

In the COPSAC trial, lung function was assessed by spirometry at the ages 6 and 8 years.39 

Spirometry was performed using a MasterScope Pneumoscreen spirometer with the Pneu-

motach plastic PT 36 (Erich Jaeger, Germany). For each session, the highest FEV
1
 from at 

least three assessments was selected, with a maximum within-test variation of 100 mL or 

10%. Other indices corresponding to this highest FEV
1
 were also recorded. Percent-predicted 

values were calculated using GLI reference values.38 To ensure data quality, assessments 

were excluded if child had experienced lower respiratory symptoms within one week prior 

or used inhaled β2-agonists within 12 hours before the test. 

Pharmacokinetic model development and evaluation

A popPK model was used to estimate the individual dose-exposure curves, using the 

maternal serum 25(OH)D data. In the COPSAC cohort, it was assumed that 25(OH)D levels 

at delivery (after an average treatment duration of 109 days) were comparable to those one 

week postpartum, when actual measurements were taken. This assumption is based on 

evidence that steady-state 25(OH)D levels during pregnancy are typically achieved after a 

maximum of 94 days of treatment.2 The popPK analysis was performed using a non-linear 

mixed-effect approach implemented in Monolix2024R1 from MonolixSuite2024R1 (Lixoft 
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SAS, a Simulations Plus company, Antony, France). Model development was performed 

in 3 steps: 1) testing and selection of structural and statistical models informed by the 

literature, 2) covariate analysis, 3) internal validation of the model. 

PopPK parameters were estimated with the Stochastic Approximation Expectation Maxi-

mization (SAEM) algorithm. Due to the sparsity of the available sample data, the model 

was prone to overfitting. To address this issue, the absorption rate constant and volume 

of distribution were fixed to literature values, reducing model complexity. Additionally, a 

fixed residual error of 2.5% was applied. Interindividual variability (IIV) was modeled only 

for the parameter clearance and inter-occasion variability was considered. 

Model development was guided by a reduction in -2 times the log-likelihood (-2LL, also 

referred to as the objective function value [OFV]) and the corrected Bayesian Information 

Criterion (BICc) for nested models. A significance level of p<0.01 was used (-6.6 drop in 

OFV per Chi-Square distribution) was used for hypothesis testing, combined with a decrease 

in BICc to select the most parsimonious model. Additionally, parameter precision was 

evaluated based on relative standard errors (RSE) around parameter estimates, with RSE 

<30% considered acceptable. Model evaluation included: (1) goodness-of-fit (GOF) plots, 

(2) prediction-corrected Visual Predictive Checks (pcVPC), and (3) Normalized Prediction 

Distribution Errors (NPDE) based on 1,000 simulations of the final model. 

Covariates were selected for testing based on visual examination of IIV on clearance versus 

covariates. These included maternal age, baseline 25(OH)D levels, body weight, gestational 

age, maternal race and vitamin D treatment arm. A non-linear effect of treatment arm 

on bioavailability was evaluated based on existing literature.40,41 For body weight, linear 

interpolation between available measurements was performed to obtain a time-varying 

covariate. Preliminary covariate selection was performed using COnditional Sampling use 

for Stepwise Approach based on Correlation tests (COSSAC) within Monolix, with p<0.01 for 

forward inclusion and backward elimination.42 This method, while 2–20 times faster than 

standard stepwise covariate modelling (SCM), yields almost identical outcomes by relying 

on information in the current model to decide the next step.42 After preliminary selection, 

we performed an SCM procedure to determine the final covariate-parameter relationships. 

The partial AUC of 25(OH)D for each participant was calculated using the Monolix software, 

from the time of the baseline measurement (t=0) to the final measurement (t≈20 weeks). 

Individual PK estimates were derived using SAEM. To ensure consistency, these estimates 

were cross-validated with the mode (empirical Bayes estimates) and the mean of each 

individual’s posterior distribution.43
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Statistics 

Demographic differences between groups were compared using Welch’s t-test, Fisher’s 

exact test, and chi-square tests as appropriate. Pharmacodynamic outcomes were analyzed 

in R Version 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria) with statistical 

significance set at p<0.05. AUC values were standardized into z-scores for use in the 

logistic regression modeling of “asthma or recurrent wheeze”, the same models used in 

the primary publications of the VDAART and COPSAC trials. Outliers beyond the AUC z-score 

[-3,3] range were excluded. Results were expressed as adjusted odds ratios (aOR) with 

95% confidence intervals (95% CI). The models were adjusted for following covariates: 

study cohort, vitamin D treatment arm, maternal factors (asthma, age, BMI at enrollment, 

and education), household factors (income and prenatal or early life tobacco exposure), 

paternal asthma, season of first blood draw, and child factors (premature birth, sex, and 

race). Longitudinal lung function trajectories from age of 6 to 8 years were assessed using 

linear mixed-effect models, with subject ID as random effect. All lung function analyses 

were adjusted for study cohort, vitamin D treatment arm, maternal education, child’s 

age, height, sex, weight, race, household income and tobacco exposure, and childhood 

asthma status. To account for the potential impact of asthma development on lung 

function, childhood asthma status was further classified into subphenotypes in both trials. 

These subphenotypes, used to adjust secondary outcome analyses of spirometry, were 

defined as: 1. Early transient asthma (asthma diagnosed within the first 3 years of life, but 

resolved by age 6 years). 2. Persistent asthma (asthma diagnosed within the first 3 years 

of life and still present at age 6 years). 3. Asymptomatic (no asthma diagnosis by age 3 

or 6 years). The package ‘Effects’ was used to visualize the marginal effects of AUC on 

the outcomes.44  

Sensitivity analyses 

We conducted three sensitivity analyses to ensure robustness of the model, the model-

derived exposure variable AUC, and its potential associations with the outcomes. (1) Impact 

of the fixed volume of distribution in the PK model: we systematically varied the fixed 

value for volume of distribution in Monolix by ±25% (i.e., 292+25% and 292-25%) and 

assessed its impact on the PK model outputs. (2) Noncompartmental analysis (NCA): we 

used the trapezoidal rule (AUC = (t
2
-t

1
)(C

2
+C

1
)/2) to estimate individual AUC z-scores for 

maternal 25(OH)D. These AUC z-scores were applied to the same outcome models used 

in the primary analysis. Then, we compared the exposure-outcome associations between 

methods.45 (3) Cohort-specific analysis: we calculated the AUC z-scores separately for each 

cohort, instead of the total dataset. Next, we applied the same outcome models as the 
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primary analysis, stratified by cohort, and then meta-analyzed the results using the ‘Meta’ 

package. We compared these results to those from the combined model.46  

Results

Baseline characteristics 

Of the 806 mother-child pairs in VDAART and 581 in COPSAC, 764 (94.8%) and 569 (97.9%), 

respectively, were included in the current study. These pairs had complete data on maternal 

25(OH)D levels and childhood asthma or recurrent wheeze by age 3 and 6 years (Table 

4.1). Baseline characteristics between included and excluded subjects were similar in both 

cohorts, except for a higher prevalence of premature birth among the excluded subjects 

compared to the included ones in VDAART (6.7% vs 47.6%, Online Tables 1 and 2). This 

discrepancy was primarily due to mothers who gave birth prematurely (<37 gestational 

weeks) being more likely to have missed their third trimester 25(OH)D sample scheduled 

at 32–38 weeks. In VDAART, data on at least one successful spirometry measurement at 

the age of 6 or 8 years was available for 436 (57.1%) of the 764 children. A total of 223 

(29.2%) children had successful measurements at both visits. In the COPSAC cohort, 520 

(91.4%) of the 569 children had at least one successful measurement at age 6 or 8 years, 

and 426 (74.9%) children had successful measurement on both visits. The trials flowcharts 

and spirometry completion rates are illustrated in Figure 4.1. 

Population pharmacokinetic analysis and model evaluation

We evaluated three popPK vitamin D-25(OH)D models from the literature.47-49 Serum 25(OH)

D concentrations were best described by the 1-compartment model of Wan et al. (based on 

RSE% on parameters and inspection of goodness of fit plots) with IIV on clearance and a fixed 

proportional error to describe the residual variability, representing the lowest proportional error 

reported across the models.47 Inclusion of interoccasion variability did not improve the model 

performance and was dropped. Model fit was further improved by incorporating a non-linear 

dose-dependent bioavailability, using a sigmoid E
max

 (Hill equation) model (p<0.001, ΔOFV = 

-6114]). Using COSSAC, we identified baseline 25(OH)D (p<0.001, ΔOFV=-175), gestational 

age (p<0.001, ΔOFV=-10) and body weight (p<0.001, ΔOFV=-14) as most predictive covari-

ates for clearance. While inclusion of maternal race improved model fit (p<0.001, ΔOFV=-

10), it disproportionally increased the model’s complexity (ΔBICc = +4.9) and was therefore 

excluded. The final covariate model, determined through stepwise covariate analysis, included 

an exponential influence of gestational age on clearance, and a power function for body weight 

and baseline 25(OH)D. Additional details on the stepwise covariate analysis can be found in 
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Online Table 3. Plots of the IIV around clearance (η) versus covariates showed no further 

trends across covariates, indicating appropriate covariate implementation (Online Figure 1). 

Parameter estimates of the final model demonstrated good precision (RSE<10%, Table 4.2).

Table 4.1: Baseline characteristics of subjects in VDAART and COPSAC 

Variable* VDAART (n=764) COPSAC (n=569)

Vitamin D treatment arm, n (%)

400 IU 

2,800 IU

4,400 IU

385 (50.4)

0 (0.0)

379 (49.6) 

280 (49.2) 

289 (50.8)

0 (0.0)

Baseline 25(OH)D level in ng/mL 23.01 (10.21) 30.58 (10.16) 

Post-intervention 25(OH)D level in ng/mL 33.02 (14.64) 36.02 (15.03)

Time between baseline and post-intervention measurement in weeks 19.69 (2.97) 15.60 (1.77)

Maternal age in years 27.41 (5.50) 32.27 (4.35)

Maternal education, n (%)

Secondary or less

Post-secondary 

501 (65.6)

263 (34.4)

41 (7.2)

528 (92.8)

Household income, n (%)

<$100,000

≥$100,000

Refused to answer or does not know

492 (64.4)

87 (11.4)

185 (24.2)

150 (26.4)

419 (73.6)

0 (0.0)  

Environmental tobacco exposure, n (%) 118 (15.4) 233 (40.9)

Asthmatic history of mother, n (%) 304 (39.8) 155 (27.2)

Asthmatic history of father, n (%) 177 (23.2) 119 (20.9)

Maternal BMI at fi rst doctor’s appointment 28.81 (7.53) 24.63 (4.49)

Season of fi rst blood drawn, n (%)

Spring

Summer

Autumn 

Winter

250 (32.7)

179 (23.4)

153 (20.0)

182 (23.8)

136 (23.9)

158 (27.8)

187 (32.9)

88 (15.5)

Maternal race, n (%)

Black/African American

White

Other

329 (43.1)

311 (40.7)

124 (16.2)

0 (0.0)

543 (95.4)

26 (4.6)

Gestational age (GA) at enrollment in weeks 14.15 (2.72) 24.31 (0.82)

Premature birth (<37 wks GA), n (%) 51 (6.7) 20 (3.5)

Child’s sex, n (%)

Female

Male

369 (48.3)

395 (51.7)

279 (49.0)

290 (51.0)

Child’s race, n (%)

Black/African American

White

Other

367 (48.0)

254 (33.2)

143 (18.7)

0 (0.0)

543 (95.4)

26 (4.6) 

Child’s asthma phenotype, n (%) 

Asymptomatic

Early transient

Active asthma

Missing, n (%)

448 (58.6)

102 (13.4)

121 (15.8)

93 (12.2)

430 (75.6) 

68 (12.0)

46 (8.1)

25 (4.4)

* Characteristics are reported as mean (SD) unless otherwise indicated.
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Figure 4.1: Flowchart of the (A) VDAART and (B) COPSAC cohort.

The goodness-of-fit diagnostic plots of the final model revealed no remaining trends in 

the population and individual predictions, or in the residuals over time, suggesting the 

absence of significant misspecifications in the structural model and no time-dependent 

biases (Figure 4.2). The NPDE analysis (Online Figure 2) showed no major deviations from 
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normality in the prediction errors. Visual confirmation of the final model fit was obtained 

from the PcVPCs of the serum 25(OH)D versus time, presented in Online Figure 3.

The 25OHD AUC z-scores were derived from the popPK model using the previously described 

SAEM algorithm. As confirmed in our cross-validation process, alternative mathematical 

methods (mode and mean of the individual parameter estimates) produced nearly identical 

AUC z-scores (Online Figure 4). AUC z-scores of 25(OH)D were significantly lower in the 

COPSAC cohort compared to VDAART (mean difference = 0.29σ, p<0.001). AUC z-scores 

of 25(OH)D varied substantially according to baseline 25(OH)D group and vitamin D dose 

groups. Figure 4.3A demonstrates a clear trend where higher baseline 25(OH)D levels 

and higher vitamin D doses are associated with increased AUC z-scores, highlighting the 

combined influence of initial 25(OH)D status and administered dose on overall prenatal 

Table 4.2: Parameter estimates of the fi nal model

Parameter Final model estimate (RSE %) [shrinkage %]

k
a 
(-h) 0.323 (fi xed)

V
pop 

(L) 292 (fi xed)

 
     

E
max

18 (2)

E
50 

(IU) 75 (3)

n -1.58 (2)

 . 76.82 63.4  
 

CL
pop 

(L/h) 0.23 (1)

θ
GA

0.016 (9)

θ
WT

0.176 (9)

θ
BASE

-0.408 (2)

Interindividual variability (IIV)

IIV on CL (%) 44 (2) [1]

Residual variability 

Proportional error (%) 2.5 (fi xed)

RSE%: relative standard error; k
a
: absorption rate constant; V: volume of distribution of 25(OH)D; pop: population mean 

value of a parameter for an individual with a GA of 27.6 weeks, current weight of 76.8 kg and baseline 25(OH)D of 

63.4 nmol/L; GA: individual gestational age in weeks; WT: individual current body weight in kilograms; BASE: individual 

baseline serum 25(OH)D in nmol/L; CL: clearance of 25(OH)D; θ
GA

: exponent for infl uence of GA on CL; θ
WT

: exponent for 

infl uence of WT on CL; θ
BASE

: exponent for infl uence of BASE on CL.
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Figure 4.2: Goodness of fi t of the fi nal model and residuals over time. (A) Population predicted concentrations of 

serum 25(OH)D versus observations. (B) Individual predicted concentrations of serum 25(OH)D versus observations. 

(C) Individual weighted residuals (IWRES) at the time of the post-interventional 25(OH)D measurement. (D) Individual 

weighted residuals (IWRES) at the gestational age at trial enrollment. Black dots represent data per study subject, black 

lines represent the line of unity, and blue lines depict linear trends. 

Figure 4.3: Associations of Area under the curve z-scores of prenatal 25(OH)D and dose, baseline levels and 

mean prenatal 25(OH)D. (A) Boxplots of 25(OH)D AUC z-scores per vitamin D supplementation group and stratifi ed for 

maternal baseline 25(OH)D category. VDAART participants were randomized to a dosing regimen of 4,400 IU vitamin D 

daily (intervention) or 400 IU vitamin D daily (placebo) for a mean 19.6 weeks. COPSAC participants were randomized 

to either 2,800 IU (intervention) or 400 IU (placebo) vitamin D daily for a mean 15.6 weeks. (B) Scatterplot of 25(OH)D 

AUC z-scores versus mean prenatal 25(OH)D levels in ng/mL. Blue lines and shading represent the linear trend line and 

95% confi dence interval, respectively. Dashed red lines show the mean prenatal 25(OH)D levels corresponding with the 

25(OH)D AUC z-scores. To convert ng/ml 25(OH)D to nmol/L multiply by 2.496.
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vitamin D exposure. Interestingly, the impact of dose appears more pronounced in groups 

with lower baseline 25(OH)D levels. Prenatal 25(OH)D AUC z-scores correlated well with 

mean (early and late averaged) prenatal 25(OH)D serum levels (Figure 4.3B). The range 

of AUC z-scores from -2 to 3 corresponded with a mean prenatal 25(OH)D serum level of 

13 to 55 ng/mL, with an AUC z-score of 0 relating to a level of 30 ng/mL (Figure 4.3B). 

More variability was observed at higher levels, which may be due to a greater influence of 

varying times spent on treatment. Notably, AUC z-scores of 25(OH)D revealed suboptimal 

separation between the original trial randomization arms in both cohorts in terms of vitamin 

D exposure (Online Figure 5). The association between the covariates used in the analyses 

and AUC z-scores are presented in Online Figure 6. 

Primary clinical outcome

After excluding 14 subjects (1.1%) with outlier AUC z-scores (<-3 and >3), 1319 (VDAART: 

n=750, COPSAC: n=569) mother-child pairs were included in the analysis of the primary 

outcome. In total, 306 (23%) of the studied children had developed asthma or recurrent 

wheeze by the age of 3 years, with 464 (35%) cases by the age of 6 years. In the adjusted 

logistic model, increased prenatal 25(OH)D AUC z-scores were associated with a decrease 

in the odds of offspring asthma or recurrent wheeze by age 3 years (aOR=0.75, 95% CI: 

0.64–0.88, p<0.001) and 6 years (aOR=0.83, 95% CI: 0.72–0.95, p=0.008, Table 4.3). 

Table 4.3: Prenatal 25(OH)D area under the curve (AUC) z-scores and childhood asthma or recurrent wheeze by 

offspring age 3 and 6 years

Exposure Asthma or recurrent wheeze

By age 3 years By age 6 years

aOR (95% CI) p-value aOR (95% CI) p-value

25(OH)D AUC z-score 0.75 (0.64–0.88) <0.001 0.83 (0.72–0.95) 0.008

Data is presented as adjusted odds ratios (aOR) with 95% confi dence intervals (95% CI) and p-values for the difference 

in asthma or recurrent wheeze incidence according to a unit increase in prenatal 25(OH)D AUC z-score in the logistic 

regression models. Covariates included study cohort, vitamin D treatment arm, maternal asthma, maternal age, maternal 

BMI at enrollment, maternal education, household income, season of fi rst blood draw, paternal asthma, premature birth, 

child’s sex, child’s race and any household tobacco exposure prenatally or during early life. P-values less than 0.05 are 

in boldface. 

Compared to mothers in the lowest quartile (AUC z-score -2.1 to -0.7, corresponding to 

a mean gestational 25(OH)D of 12–24 ng/mL), those in the highest 25(OH)D AUC z-score 

quartile (AUC z-score 0.7 to 3.0, corresponding to mean gestational 25(OH)D of 36–55 ng/

mL) had 56% lower odds of offspring asthma or recurrent wheeze by age 3 years (aOR=0.44, 
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95% CI: 0.28–0.68, p<0.001) and 41% (aOR=0.59, 95% CI: 0.40–0.88, p=0.009) by age 

6 years. The marginal effects of 25(OH)D AUC z-score on asthma or wheeze by age 3 and 

6 years are illustrated in Figure 4.4, showing a continuous decrease in the incidence of 

asthma or recurrent wheeze until an AUC z-score of 2, which relates to a mean 25(OH)D 

serum level of about 47 ng/mL. No interactions were found between vitamin D exposure 

and any of the following factors: maternal race, maternal BMI at enrollment, maternal 

baseline 25(OH)D or child’s sex, on the outcome at either of these timepoint. 

Figure 4.4: Marginal effects of 25(OH)D area under the curve z-scores on asthma or recurrent wheeze by 

offspring age 3 and 6 years. Probability of offspring asthma or recurrent wheeze by (A) age 3 years, and (B) age 6 

years. The mean effect of prenatal 25(OH)D AUC z-scores (solid blue line) and 95% confi dence interval (blue shading) are 

shown. Inwards ticks denote observations. Covariates included study cohort, vitamin D treatment arm, maternal asthma, 

maternal age, maternal BMI at enrollment, maternal education, household income, season of fi rst blood draw, paternal 

asthma, premature birth, child’s sex, child’s race and any household tobacco exposure prenatally or during early life.

Secondary clinical outcome

In adjusted linear mixed-effect models, prenatal 25(OH)D AUC z-scores showed a positive 

association with children’s longitudinal trajectories of percent-predicted FEV
1
, FVC, FEV

1
/

FVC ratio and FEF
25-75%

 between the ages 6 and 8 years. The most pronounced difference 

was observed for FEF
25-75%

, with offspring in the highest prenatal AUC z-score quartile 

showing 4.8% higher FEF
25-75%

 compared to the lowest quartile from age 6 to 8 years 

(89 mL, 1.86 L vs. 1.94 L, p=0.038). Both FEV
1
 and FVC showed positive association with 

prenatal 25(OH)D AUC, with a more marked increased in FEV
1
. This led to an elevated FEV

1
/

FVC ratio, suggesting a stronger improvement in airway function relative to lung volume 
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Table 4.4: Prenatal 25(OH)D area under the curve (AUC) z-scores and offspring lung function trajectories from 

age 6 to 8 years

Exposure Spirometry

FEV
1

FVC FEV
1
/FVC ratio FEF

25–75%β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

25(OH)D

AUC z-score

1.21

(0.30–2.11)

0.009 0.79

(0.13–1.46)

0.021 0.56

(0.11–1.01)

0.015 2.18

(0.46–3.91)

0.014

Data is presented as beta estimates (β) with 95% confi dence intervals (95% CI) and p-values for the difference in 

percent-predicted forced expiratory volume in one second (FEV1), forced vital capacity (FVC), the ratio of FEV
1
 and FVC 

(FEV
1
/FVC) and forced midexpiratory fl ow between 25% and 75% of FVC (FEF

25–75%
) according to a unit increase in 

prenatal 25(OH)D AUC z-score in the mixed-effects models. Fixed covariates included study cohort, vitamin D treatment 

arm, maternal education, household income, child’s sex and race, household tobacco exposure and childhood asthma 

phenotype. Time-dependent covariates included child’s age, height and weight. Random effects included study subject 

identifi ers. P-values less than 0.05 are in boldface. 

Figure 4.5: Marginal effects of 25(OH)D area under the curve z-scores on lung function indices trajectories from 

offspring age 6 to 8 years. The increase in the longitudinal development of percent-predicted (A) forced expiratory 

volume in one second (FEV
1
), (B) forced vital capacity (FVC), (C) the ratio of FEV

1
 and FVC (FEV

1
/FVC) and (D) forced 

midexpiratory fl ow between 25% and 75% of FVC (FEF
25–75%

) between offspring age 6 and 8 in relation to AUC z-scores. 

The mean effect of prenatal 25(OH)D AUC z-scores (solid line) and 95% confi dence interval (shading) are shown. 

Inwards ticks denote observations. Fixed covariates included study cohort, vitamin D treatment arm, maternal education, 

household income, child’s sex and race, household tobacco exposure and childhood asthma phenotype. Time-dependent 

covariates included child’s age, height and weight. Random effects included study subject identifi ers.
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(Table 4.4). Figure 4.5 illustrates the marginal effect of AUC z-score on the lung function 

indices. Notably, no significant interactions between 25(OH)D AUC z-scores and child lung 

function were identified by maternal race, maternal BMI at enrollment, maternal baseline 

25(OH)D, or child’s sex.

Sensitivity analyses 

(1) Volume of distribution

A ±25% change in the fixed volume of distribution minimally influenced model parameter 

estimates, with the largest deviation for clearance being -1%. AUC estimates remained 

consistent (max. +2%) across all tested volume values, demonstrating model robustness 

(Online Table 4). 

(2) Noncompartmental analysis (NCA)

The NCA yielded lower 25(OH)D AUC values than the main compartmental analysis, 

consistent with the use of linear versus non-linear kinetics (Online Figure 7). Compared to 

the compartmental model, the NCA-derived model coefficients (β) for the offspring asthma 

or recurrent wheeze outcomes were slightly lower (β
NCA

=-0.16, 95% CI: -0.30–-0.02; 

vs. β
comp

=-0.19, 95% CI: -0.33–-0.05, by age 6 years). Conversely, the association 

between 25(OH)D AUC z-scores and lung function indices was estimated to be stronger 

(FVC: β
NCA

=0.91, 95% CI: 0.27–1.55; vs. β
comp

=0.79, 95% CI: 0.13–2.11). Although minor 

differences were observed between the models, the adjusted AUC z-score coefficients 

from the NCA aligned well with those from the compartmental model, suggesting that the 

main model was not overparametrized (Online Table 5). 

(3) Cohort-specifi c analysis 

To account for cohort-specific factors potentially affecting the prenatal 25(OH)D exposure, 

such as baseline levels or gestational age at treatment initiation, AUC z-scores were calcu-

lated separately for each cohort and subsequently meta-analyzed. No significant hetero-

geneity was observed between the trials for both the primary and secondary outcomes 

(Chi-squared p>0.05, I2=0%). The results of the meta-analysis were in close accordance 

with the results of the combined analysis, showing consistent common effects across all 

measures (Online Figure 8). However, the association with FVC did not reach statistical 

significance (p=0.17).
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Discussion

Understanding the relationship between prenatal vitamin D exposure and offspring respira-

tory health has been challenging due to the complex regulation of vitamin D metabolism 

during pregnancy and significant variability in individual responses to supplementation. 

Previous research, including large randomized clinical trials, has yielded inconsistent 

results, potentially due to reliance on treatment allocation or single time-point measure-

ments rather than comprehensive exposure assessment. In this study, we addressed these 

limitations by applying popPK modeling to estimate total 25(OH)D exposure in participants 

from the two largest clinical trials to date examining prenatal vitamin D supplementation 

and offspring respiratory outcomes. This approach allowed us to account for individual 

variability in vitamin D metabolism and provide a more comprehensive measure of vitamin 

D exposure throughout pregnancy. Our analysis revealed two key findings that advance 

our understanding of the relationship between prenatal vitamin D and offspring respira-

tory health: 1) Higher prenatal 25(OH)D exposure was independently associated with a 

decrease in the incidence of childhood asthma or recurrent wheeze by ages 3 and 6 

years. 2) Increased exposure was associated with improved spirometry indices between 

ages 6 and 8 years. The observed exposure-response relationship between serum 25(OH)

D and respiratory outcomes, strengthens the evidence for a potential causal association 

and reduces the likelihood of chance findings. These results suggest that achieving and 

maintaining adequate vitamin D levels throughout pregnancy may be more important than 

previously recognized for optimal respiratory outcomes in offspring.

Two prior studies have evaluated 25(OH)D AUC during pregnancy after oral vitamin D supple-

mentation.2,50 In the first study, a single oral dose 70,000 IU vitamin D was administered.50 

However, due to non-linear kinetics of vitamin D at high dosages, this study is not well-suited 

for comparison to our results. The second study administered a lower single dose of 1,000 

IU trideuterated vitamin D, offering greater accuracy and higher likelihood of demonstrating 

linear kinetics, as evidenced by the PK curves in Best et al. (Figure 4.2 and 4.3).2 The authors 

reported an AUC0-456h of 318 ng/mL*h. In our study, the average administered dose had 

twice the potency. Assuming linearity, we calculated an equivalent AUC of 390 ng/mL*h by 

halving our AUC and dividing by the average number of administrations. The minor quantita-

tive differences between studies can be attributed to our inclusion of baseline 25(OH)D levels 

in the AUC calculation, which was not included in the isotope study of Best et al., as well as 

the different dosage regimens employed. Of note, Best et al. identified a strong correlation 

between serum DBP levels and AUC. While this finding suggests the potential impact of DBP 

on vitamin D pharmacokinetics, DBP levels were not available for the current analysis. 
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Large meta-analyses of RCTs on vitamin D supplementation, including data on pregnant 

women, show non-linear decreasing increments of 25(OH)D with increasing dose of 

supplemented vitamin D.41,51 In line with these findings, our model’s fit was improved with 

a dose-dependent apparent bioavailability. This concept encompassed the conversion of 

the supplemented vitamin D to the serum 25(OH)D and accounted for all external and 

endogenous sources of vitamin D, making it challenging to interpret specific parameters 

such as E
max

 and E50. The apparent bioavailability of 25(OH)D for the 400, 2,800 and 4,400 

IU vitamin D dosages was 15.1, 3.6, and 1.9, respectively. These values indicate a major 

influence of sources other than supplementation and underscores how comparatively small 

the recommended prenatal dose of 400 IU appears to be. UVB-induced production from 

sunlight is likely the largest (non-supplement) contributor, as one minimum erythema dose 

(MED) of total-body radiation has been suggested to be equivalent to a dose of 10,000 

IU vitamin D.52,53 An inverse relationship between baseline 25(OH)D levels and serum 

25(OH)D increment has been reported during pregnancy and non-pregnancy,41 and could 

mediate our observed dose-dependent bioavailability via increased induction of metabolic 

enzymes.54 Interestingly, we found that baseline 25(OH)D levels were negatively associated 

with clearance, a finding also observed by Hsu et al. in a PK study of IV deuterated 25(OH)

D in non-pregnant subjects.55 This may indicate that vitamin D-deficient subjects require 

relatively higher dosages during pregnancy to offset their higher clearance. Additionally, our 

finding may imply that the observed lower 25(OH)D serum increments at higher baseline 

levels are not primarily due to increased clearance of 25(OH)D, but rather might be attributed 

to reduced absorption or increased unchanged storage of vitamin D.56 These aspects may 

be further amplified during pregnancy by altered intestinal absorption, changes in the gut 

microbiome, and increased volume of distribution due to expanding plasma volume and 

fat reserves.57,58 However, significantly more data around the absorption phase is required 

to make definitive statements on bioavailability, as we as we fixed the absorption rate 

constant and could therefore not deduce bioavailability adjusted clearance (CL/F; apparent 

clearance) but only actual clearance.

Prenatal vitamin D deficiency has been shown to impair several aspects of fetal lung 

development in rodents. These include alveolar type II cell proliferation and differentiation, 

surfactant synthesis, structural (epithelial) integrity and increased airway hyperreactivity. 

These effect are mediated by a paracrine cascade involving similarly affected lung cells, 

such as mesenchymal stem cells.59-62 In humans, poor gestational 25(OH)D status has been 

linked to higher risk of respiratory disease, while prenatal vitamin D supplementation has 

been associated with reduced incidence.21,63 A potential mechanistic link between prenatal 
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vitamin D supplementation and offspring asthma or recurrent wheeze may be provided by 

the sphingolipid metabolic pathway. Single nucleotide polymorphisms (SNPs) in the chro-

mosomal region 17q12-21, the most replicated childhood asthma susceptibility locus, alter 

ORMDL3 expression on primarily CD4+ T cells.64,65 Increased ORMDL3 expression is thought 

to increase asthma risk by reducing sphingolipid synthesis, as sphingolipid levels have 

been mechanistically linked to bronchial reactivity and asthma.39,66,67 Vitamin D metabolites 

similarly modulate the sphingolipid pathway by increasing sphingolipid production.68,69 

Increasing gestational 25(OH)D is characterized by a marked enrichment of sphingomyelins 

in the maternal metabolic profile, with greater enrichment reducing the risk of offspring 

asthma or recurrent wheezing in both the VDAART and COPSAC trials.70 Moreover, an inter-

action has been shown between 17q21 SNPs risk alleles, vitamin D supplementation and 

sphingolipid levels on reducing the risk of asthma or recurrent wheeze.71,72 Bioinformatic 

analysis of human genetics has revealed an intriguing connection between vitamin D and 

asthma-related genes. Vitamin D receptor (VDR) binding sites overlap with key enhancer 

regions on 17q21 loci that regulate ORMDL3 and IKZF3 expression on CD4+ T
H
2 cells.6 This 

overlap suggests a direct interaction between vitamin D signaling and genes associated 

with asthma risk. Specifically, VDR binding induces IKZF3 expression, leading to suppression 

of IL-2, IL-5 and IL-13 production through inhibition of the IL-2/Stat5 pathway. Supporting 

these findings, subsequent mouse models demonstrated that vitamin D deficiency exac-

erbates T
H
2-driven allergic responses, while supplementation alleviates these responses.6 

The studies together provide experimental evidence for a possible molecular mechanism 

underlying vitamin D’s protective role in allergic lung inflammation. Given these molecular 

insights, an important direction for future research would be to assess how prenatal 25(OH)

D exposure (measured as AUC) differentially affects offspring respiratory outcomes based 

on 17q21 SNP genotypes and by sphingolipid metabolic profiles. This could provide further 

insights into the complex interplay between vitamin D, genetics, and metabolic factors in 

the development of childhood respiratory conditions.

Previous research from the VDAART study has shown that a prenatal 25(OH)D status 

above 30 ng/ml during early and late pregnancy is associated with a reduced progression 

to active asthma in offspring at age 6 years.73 Similarly, across mean gestational 25(OH)D 

quartiles, Knihtilä et al. observed an increase of 10.7% (121 mL) in offspring FEV
1
 between 

the ages 4–6 years, as well as improvements in other lung function measures.20 Our current 

study builds upon these findings by utilizing a substantially larger dataset that includes 

an additional trial cohort (COPSAC), incorporating a continuous and more accurate 25(OH)

D exposure metric, and providing greater statistical power. This analysis demonstrates a 
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clinically relevant reduction in offspring asthma or recurrent wheeze at two timepoints and 

improvements in lung function indices from age 6 to 8 years with increasing 25(OH)D AUC 

z-scores. The highest z-score related to a mean prenatal 25(OH)D level of about 55 ng/ml. 

More specifically, we observed a reduction in asthma or recurrent wheeze odds of 41% by 

age 6 years when comparing the highest AUC z-score quartile (0.7 to 3.0, corresponding to 

mean prenatal 25(OH)D levels of approximately 36–55 ng/mL) to the lowest quartile (-2.1 

to -0.7, corresponding to mean prenatal 25(OH)D levels of approximately 12–24 ng/mL). 

Additionally, we found a 4.8% difference in FEF
25-75%

 between lowest and highest 25(OH)

D AUC quartiles. FEF
25-75%

 may offer advantages over FEV
1
 when measuring small airway 

function in adult asthma and could be better correlated with bronchodilator responsive-

ness in asthmatic children with normal FEV
1
.74-76 Currently, a minimum clinically important 

difference (MCID) has not been precisely established for spirometric variables in asthmatic 

children. Data from asthma and trials on pharmacological interventions suggests an increase 

of 5–10% or 100–200 mL in FEV
1
 from baseline is commonly adhered to by regulators, 

because it is noticeable for patients.77-80 In our study, the increase in FEV
1
 associated with 

prenatal 25(OH)D observed in offspring did not reach the MCID threshold between the 

ages 6 and 8 years (+3.1%, 52 mL). However, while our AUC-based measure of vitamin 

D exposure is not directly comparable to the mean gestational 25(OH)D concentrations 

used in Knihtilä et al.’s study,20 both approaches aim to capture overall prenatal vitamin D 

status. Hence, despite the methodological differences, the studies together suggest that 

the effects of prenatal vitamin D on lung function may be more pronounced in younger 

children and might persist, albeit to a lesser degree, into later childhood. This potential 

long-term impact underscores that adequate prenatal vitamin D may have important health 

benefits for children’s respiratory development over several years, extending beyond the 

immediate postnatal period. Importantly, the safety profile of high dose prenatal vitamin D 

supplementation supports its consideration as a potential preventive strategy. Treatment-

related adverse events have been exceedingly rare, if not absent, in trials administering 

up to 4,400 IU/day.1,29,53 Given these safety considerations and the potential for improved 

respiratory outcomes, ensuring adequate vitamin D status during pregnancy through appro-

priate supplementation, as early as possible, could be a valuable approach, particularly in 

women at risk of vitamin D deficiency. 

Several limitations of the present analysis should be noted. Due to the sparse sampling per 

individual, we opted for a simple model structure based on the literature. The model was 

optimized for internal AUC estimation based on our specific dataset. While this approach 

was suitable for the model’s primary aim, evaluating individual 25(OH)D exposure, it may 
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limit the model’s generalizability to other external datasets. Further validation studies would 

be beneficial to assess its performance across diverse populations. Moreover, the selected 

model from Wan et al. was originally developed based on data from chronic kidney disease 

patients,47 which might affect vitamin D kinetics differently than pregnancy. However, because 

Wan et al. obtained the absorption rate constant from the literature,49 we primarily relied on 

their estimated volume of distribution. Our sensitivity analysis confirmed that using these 

estimates did not destabilize our results. This approach allowed us to leverage existing 

modeling work while tailoring it to our specific research context. However, future studies 

might benefit from a well-designed vitamin D PK study in pregnant women specifically aimed 

at model development. The generalizability of our model is improved by the combination of 

both a high-risk cohort for offspring allergic disease and non-atopic asthma (VDAART) and 

an unselected cohort (COPSAC). It’s important to acknowledge the demographic differences 

between the cohorts. VDAART included a high percentage of Black or African American 

participants, even when compared to the general U.S. population, where COPSAC participants 

were predominantly of White European decent, reflecting Danish demographics. VDAART 

also included women at an earlier gestational age and COPSAC had higher baseline 25(OH)

D levels. Nonetheless, the meta-analysis showed that cohort-specific characteristics had 

minimal influence on the overall findings. Finally, despite the inclusion of known covariates, 

residual confounding factors should be considered. This is important as the potential mecha-

nistic links between vitamin D and fetal lung development remain an active area of research. 

Conclusions 

Our study demonstrates that higher prenatal exposure to 25(OH)D, as reflected by AUC, 

is associated with decreased incidence of asthma or recurrent wheeze in offspring by 

ages 3 and 6 years, and improved lung function between ages 6 and 8 years. These 

findings persisted after controlling for various sociodemographic and socioeconomic 

factors. Improvements in outcomes were associated with increasing 25(OH)D AUC z-scores, 

corresponding to mean prenatal 25(OH)D levels from approximately 12 ng/mL up to 60 ng/

mL. The use of AUC as a vitamin D exposure metric provides a more comprehensive measure 

of vitamin D status throughout pregnancy, capturing both the magnitude and duration of 

exposure. This approach revealed nuanced relationships that might be overlooked when 

relying solely on dosage information, single time-point measurements or simple averages. 

Future studies may benefit from using AUC as an exposure metric to further explore optimal 

target gestational 25(OH)D concentrations, as well as the ideal timing needed to achieve 

these levels for favorable respiratory outcomes in children.



Prenatal vitamin D and offspring respiratory health

103

4

Funding/support

Dr. Mirzakhani has received research support from National Heart, Lung, and Blood Institute 

[U03 HL091528, and 1 K01HL146977 01A1]. 

CRediT authorship contribution statement

Iskander L.C. Shadid: Data curation, Conceptualization, Investigation, Formal analysis, 

Visualization, Methodology Writing – original draft. Nicklas Brustad: Data curation, 

Conceptualization, Investigation, Formal analysis, Visualization, Writing – review & editing. 

Bo L. Chawes: Conceptualization, Visualization, Methodology, Writing – review & editing, 

Supervision, Funding acquisition. Dirk Jan A.R. Moes: Investigation, Visualization, 

Methodology, Writing – review & editing, Supervision. Scott T. Weiss: Conceptualization, 

Visualization, Methodology, Writing – review & editing, Supervision, Funding acquisition. 

Henk-Jan Guchelaar: Conceptualization, Visualization, Methodology, Writing – review & 

editing, Supervision, Funding acquisition. Hooman Mirzakhani: Data curation, Concep-

tualization, Investigation, Visualization, Methodology Writing – original draft, Supervision, 

Funding acquisition.

Declaration of competing interest 

The authors declare that they have no competing financial interests that could have 

appeared to influence the work reported in this paper. 

Acknowledgments 

The authors would like to thank all participants of the VDAART and COPSAC trials and 

supporting research staff. 

Data availability 

Data will be made available upon reasonable request as judged by the principal investiga-

tors of VDAART and COPSAC.



Chapter 4

104

References

1. Hollis BW, Johnson D, Hulsey TC, Ebeling M, Wagner CL. Vitamin D supplementation during pregnancy: 

Double‐blind, randomized clinical trial of safety and effectiveness. Journal of bone and mineral research. 

2011;26:2341-57

2. Best CM, Sherwood R, Novotny JA, Zhang S, Pressman EK, O’Brien KO. Vitamin D kinetics in nonpreg-

nant and pregnant women after a single oral dose of trideuterated vitamin D3. The Journal of steroid 

biochemistry and molecular biology. 2022;216:106034

3. Hollis BW, Wagner CL. New insights into the vitamin D requirements during pregnancy. Bone research. 

2017;5:1-16

4. Ritchie LD, Fung EB, Halloran BP, Turnlund JR, Van Loan MD, Cann CE, et al. A longitudinal study of calcium 

homeostasis during human pregnancy and lactation and after resumption of menses. The American 

journal of clinical nutrition. 1998;67:693-701

5. Pichler J, Gerstmayr M, Szépfalusi Z, Urbanek R, Peterlik M, Willheim M. 1α, 25 (OH) 2D3 inhibits not only 

Th1 but also Th2 differentiation in human cord blood T cells. Pediatric research. 2002;52:12-8

6. Kilic A, Halu A, De Marzio M, Maiorino E, Duvall MG, Bruggemann TR, et al. Vitamin D constrains inflam-

mation by modulating the expression of key genes on Chr17q12-21.1. Elife. 2024;12:RP89270

7. Chauss D, Freiwald T, McGregor R, Yan B, Wang L, Nova-Lamperti E, et al. Autocrine vitamin D signaling 

switches off pro-inflammatory programs of TH1 cells. Nature immunology. 2022;23:62-74

8. Tamblyn J, Hewison M, Wagner C, Bulmer J, Kilby M. Immunological role of vitamin D at the maternal–fetal 

interface. Journal of Endocrinology. 2015;224:R107-R21

9. Weiss ST, Mirzakhani H, Carey VJ, O’Connor GT, Zeiger RS, Bacharier LB, et al. Prenatal vitamin D supple-

mentation to prevent childhood asthma: 15-year results from the Vitamin D Antenatal Asthma Reduction 

Trial (VDAART). Journal of Allergy and Clinical Immunology. 2024;153:378-88

10. Gayan Ramirez G, Janssens W. Vitamin D actions: the lung is a major target for vitamin D, FGF23, and 

Klotho. Journal of Bone and Mineral Research Plus. 2021;5:e10569

11. Weiss ST, Litonjua AA. The in utero effects of maternal vitamin D deficiency: how it results in asthma and 

other chronic diseases. American Thoracic Society; 2011. p. 1286-7.

12. Lykkedegn S, Sorensen GL, Beck-Nielsen SS, Christesen HT. The impact of vitamin D on fetal and neonatal 

lung maturation. A systematic review. Am J Physiol Lung Cell Mol Physiol. 2015;308:L587-602

13. Wang P, Tan Z-X, Fu L, Fan Y-J, Luo B, Zhang Z-H, et al. Gestational vitamin D deficiency impairs fetal 

lung development through suppressing type II pneumocyte differentiation. Reproductive Toxicology. 

2020;94:40-7

14. Foong RE, Bosco A, Jones AC, Gout A, Gorman S, Hart PH, et al. The effects of in utero vitamin D deficiency 

on airway smooth muscle mass and lung function. American journal of respiratory cell and molecular 

biology. 2015;53:664-75

15. Zosky GR, Berry LJ, Elliot JG, James AL, Gorman S, Hart PH. Vitamin D deficiency causes deficits in 

lung function and alters lung structure. American journal of respiratory and critical care medicine. 

2011;183:1336-43

16. Chen L, Wilson R, Bennett E, Zosky GR. Identification of vitamin D sensitive pathways during lung develop-

ment. Respiratory research. 2016;17:1-11

17. Wagner CL, Hollis BW. The implications of vitamin D status during pregnancy on mother and her developing 

child. Frontiers in endocrinology. 2018;9:500

18. Yurt M, Liu J, Sakurai R, Gong M, Husain SM, Siddiqui MA, et al. Vitamin D supplementation blocks 

pulmonary structural and functional changes in a rat model of perinatal vitamin D deficiency. American 

Journal of Physiology-Lung Cellular and Molecular Physiology. 2014;307:L859-L67

19. Zosky GR, Hart PH, Whitehouse AJ, Kusel MM, Ang W, Foong RE, et al. Vitamin D deficiency at 16 to 20 

weeks’ gestation is associated with impaired lung function and asthma at 6 years of age. Annals of the 

American Thoracic Society. 2014;11:571-7



Prenatal vitamin D and offspring respiratory health

105

4

20. Knihtilä HM, Stubbs BJ, Carey VJ, Laranjo N, Chu SH, Kelly RS, et al. Low gestational vitamin D level 

and childhood asthma are related to impaired lung function in high-risk children. Journal of Allergy and 

Clinical Immunology. 2021;148:110-9. e9

21. Loddo F, Nauleau S, Lapalus D, Tardieu S, Bernard O, Boubred F. Association of maternal gestational 

vitamin D supplementation with respiratory health of young children. Nutrients. 2023;15:2380

22. Allan KM, Prabhu N, Craig LC, McNeill G, Kirby B, McLay J, et al. Maternal vitamin D and E intakes during 

pregnancy are associated with asthma in children. European Respiratory Journal. 2015;45:1027-36

23. Pacheco‐González RM, García‐Marcos L, Morales E. Prenatal vitamin D status and respiratory and allergic 

outcomes in childhood: a meta‐analysis of observational studies. Pediatric Allergy and Immunology. 

2018;29:243-53

24. Brustad N, Chawes B. Vitamin D primary prevention of respiratory infections and asthma in early childhood: 

evidence and mechanisms. The Journal of Allergy and Clinical Immunology: In Practice. 2024;12:1707-14

25. Hall SC, Fischer KD, Agrawal DK. The impact of vitamin D on asthmatic human airway smooth muscle. 

Expert review of respiratory medicine. 2016;10:127-35

26. Litonjua AA, Lange NE, Carey VJ, Brown S, Laranjo N, Harshfield BJ, et al. The Vitamin D Antenatal Asthma 

Reduction Trial (VDAART): rationale, design, and methods of a randomized, controlled trial of vitamin D 

supplementation in pregnancy for the primary prevention of asthma and allergies in children. Contemp 

Clin Trials. 2014;38:37-50

27. Bisgaard H, Vissing NH, Carson CG, Bischoff AL, Folsgaard NV, Kreiner-Moller E, et al. Deep phenotyping 

of the unselected COPSAC2010 birth cohort study. Clin Exp Allergy. 2013;43:1384-94

28. Litonjua AA, Carey VJ, Laranjo N, Harshfield BJ, McElrath TF, O’Connor GT, et al. Effect of Prenatal Supple-

mentation With Vitamin D on Asthma or Recurrent Wheezing in Offspring by Age 3 Years: The VDAART 

Randomized Clinical Trial. JAMA. 2016;315:362-70

29. Litonjua AA, Carey VJ, Laranjo N, Stubbs BJ, Mirzakhani H, O’Connor GT, et al. Six-Year Follow-up of a 

Trial of Antenatal Vitamin D for Asthma Reduction. N Engl J Med. 2020;382:525-33

30. Chawes BL, Bonnelykke K, Stokholm J, Vissing NH, Bjarnadottir E, Schoos AM, et al. Effect of Vitamin D3 

Supplementation During Pregnancy on Risk of Persistent Wheeze in the Offspring: A Randomized Clinical 

Trial. JAMA. 2016;315:353-61

31. Brustad N, Eliasen AU, Stokholm J, Bønnelykke K, Bisgaard H, Chawes BL. High-Dose Vitamin D Supple-

mentation During Pregnancy and Asthma in Offspring at the Age of 6 Years. Jama. 2019;321:1003-5

32. Wolsk HM, Chawes BL, Litonjua AA, Hollis BW, Waage J, Stokholm J, et al. Prenatal vitamin D supplementa-

tion reduces risk of asthma/recurrent wheeze in early childhood: A combined analysis of two randomized 

controlled trials. PLoS One. 2017;12:e0186657

33. Shadid IL, Brustad N, Lu M, Chawes BL, Bisgaard H, Zeiger RS, et al. Baseline 25 (OH) D, timing of 

supplementation initiation and prenatal vitamin D supplementation efficacy to prevent offspring asthma 

or recurrent wheezing. The American Journal of Clinical Nutrition. 2023;117:1342-52

34. Mould DR, Upton RN. Basic concepts in population modeling, simulation, and model‐based drug develop-

ment—part 2: introduction to pharmacokinetic modeling methods. CPT: pharmacometrics & systems 

pharmacology. 2013;2:1-14

35. Ersfeld DL, Rao DS, Body JJ, Sackrison JL, Jr., Miller AB, Parikh N, et al. Analytical and clinical valida-

tion of the 25 OH vitamin D assay for the LIAISON automated analyzer. Clin Biochem. 2004;37:867-74

36. Hojskov CS, Heickendorff L, Moller HJ. High-throughput liquid-liquid extraction and LCMSMS assay for 

determination of circulating 25(OH) vitamin D3 and D2 in the routine clinical laboratory. Clin Chim Acta. 

2010;411:114-6

37. Knihtilä HM, Stubbs BJ, Carey VJ, Laranjo N, Zeiger RS, Bacharier LB, et al. Preschool impulse oscil-

lometry predicts active asthma and impaired lung function at school age. Journal of Allergy and Clinical 

Immunology. 2024;154:94-100.e13

38. Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, et al. Multi-ethnic reference values for 

spirometry for the 3–95-yr age range: the global lung function 2012 equations. Eur Respiratory Soc. 

2012;40:1324-43



Chapter 4

106

39. Rago D, Pedersen C-ET, Huang M, Kelly RS, Gürdeniz G, Brustad N, et al. Characteristics and mechanisms 

of a sphingolipid-associated childhood asthma endotype. American journal of respiratory and critical care 

medicine. 2021;203:853-63

40. Ekwaru JP, Zwicker JD, Holick MF, Giovannucci E, Veugelers PJ. The importance of body weight for the 

dose response relationship of oral vitamin D supplementation and serum 25-hydroxyvitamin D in healthy 

volunteers. PloS one. 2014;9:e111265

41. Mo M, Wang S, Chen Z, Muyiduli X, Wang S, Shen Y, et al. A systematic review and meta-analysis of the 

response of serum 25-hydroxyvitamin D concentration to vitamin D supplementation from RCTs from 

around the globe. European journal of clinical nutrition. 2019;73:816-34

42. Ayral G, Si Abdallah JF, Magnard C, Chauvin J. A novel method based on unbiased correlations tests for 

covariate selection in nonlinear mixed effects models: The COSSAC approach. CPT: pharmacometrics & 

systems pharmacology. 2021;10:318-29

43. Lixoft. Monolix product documentation. 2025; (pp. 521–523). 

44. Fox J, Weisberg S, Friendly M, Hong J, Andersen R, Firth D, et al. Package ‘effects’. Url: http://www 

r-project org, http://socserv socsci mcmaster ca/jfox. 2016

45. Gabrielsson J, Weiner D. Non-compartmental analysis. Computational Toxicology: Volume I. 2012:377-89

46. Schwarzer G. meta: An R package for meta-analysis. R news. 2007;7:40-5

47. Wan M, Green B, Iyengar AA, Kamath N, Reddy HV, Sharma J, et al. Population pharmacokinetics and 

dose optimisation of colecalciferol in paediatric patients with chronic kidney disease. British Journal of 

Clinical Pharmacology. 2022;88:1223-34

48. Lang JE, Ramirez RG, Balevic S, Bickel S, Hornik CP, Majure JM, et al. Pharmacokinetics of oral vitamin 

D in children with obesity and asthma. Clinical pharmacokinetics. 2023;62:1567-79

49. Ocampo-Pelland AS, Gastonguay MR, French JF, Riggs MM. Model-based meta-analysis for develop-

ment of a population-pharmacokinetic (PPK) model for Vitamin D3 and its 25OHD3 metabolite using both 

individual and arm-level data. Journal of pharmacokinetics and pharmacodynamics. 2016;43:191-206

50. Roth DE, Al Mahmud A, Raqib R, Black RE, Baqui AH. Pharmacokinetics of a single oral dose of vitamin 

D3 (70,000 IU) in pregnant and non-pregnant women. Nutrition journal. 2012;11:1-15

51. Rupprecht M, Wagenpfeil S, Schöpe J, Vieth R, Vogt T, Reichrath J. Meta-Analysis of European Clinical 

Trials Characterizing the Healthy-Adult Serum 25-hydroxyvitamin D Response to Vitamin D Supplementa-

tion. Nutrients. 2023;15:3986

52. Stamp T, Haddad J, Twigg C. Comparison of oral 25-hydroxycholecalciferol, vitamin D, and ultraviolet light 

as determinants of circulating 25-hydroxyvitamin D. The Lancet. 1977;309:1341-3

53. Heaney RP. Vitamin D: criteria for safety and efficacy. Nutrition reviews. 2008;66:S178-S81

54. Shadid IL, Guchelaar H-J, Weiss ST, Mirzakhani H. Vitamin D beyond blood: Tissue distribution of vitamin 

D metabolites after supplementation. Life Sciences. 2024:122942

55. Hsu S, Zelnick LR, Lin YS, Best CM, Kestenbaum B, Thummel KE, et al. Differences in 25-hydroxyvitamin 

D clearance by eGFR and race: a pharmacokinetic study. Journal of the American Society of Nephrology. 

2021;32:188-98

56. Silva MC, Furlanetto TW. Intestinal absorption of vitamin D: a systematic review. Nutrition reviews. 

2018;76:60-76

57. Pinheiro EA, Stika CS. Drugs in pregnancy: pharmacologic and physiologic changes that affect clinical 

care.  Seminars in perinatology: Elsevier; 2020. p. 151221.

58. Koren O, Konnikova L, Brodin P, Mysorekar IU, Collado MC. The maternal gut microbiome in pregnancy: 

implications for the developing immune system. Nature Reviews Gastroenterology & Hepatology. 

2024;21:35-45

59. Lykkedegn S, Sorensen GL, Beck-Nielsen SS, Pilecki B, Duelund L, Marcussen N, et al. Vitamin D depletion 

in pregnancy decreases survival time, oxygen saturation, lung weight and body weight in preterm rat 

offspring. PLoS One. 2016;11:e0155203



Prenatal vitamin D and offspring respiratory health

107

4

60. Mandell EW, Ryan S, Seedorf GJ, Gonzalez T, Smith BJ, Fleet JC, et al. Maternal vitamin D deficiency causes 

sustained impairment of lung structure and function and increases susceptibility to hyperoxia-induced 

lung injury in infant rats. American Journal of Respiratory Cell and Molecular Biology. 2020;63:79-91

61. Sakurai R, Singh H, Wang Y, Harb A, Gornes C, Liu J, et al. Effect of perinatal vitamin D deficiency on lung 

mesenchymal stem cell differentiation and injury repair potential. American Journal of Respiratory Cell 

and Molecular Biology. 2021;65:521-31

62. Gatera VA, Abdulah R, Musfiroh I, Judistiani RTD, Setiabudiawan B. Updates on the status of vitamin D 

as a risk factor for respiratory distress syndrome. Advances in Pharmacological and Pharmaceutical 

Sciences. 2018;2018:8494816

63. Boskabadi H, Zakarihamidi M, Mehrad-Majd H, Ghoflchi S. Evaluation of vitamin D in the diagnosis of 

infants with respiratory distress, the clinical value: A systematic review and meta-analysis. Paediatric 

Respiratory Reviews. 2025;53:44-54

64. Schmiedel BJ, Seumois G, Samaniego-Castruita D, Cayford J, Schulten V, Chavez L, et al. 17q21 asthma-

risk variants switch CTCF binding and regulate IL-2 production by T cells. Nature communications. 

2016;7:13426

65. Moffatt MF, Kabesch M, Liang L, Dixon AL, Strachan D, Heath S, et al. Genetic variants regulating ORMDL3 

expression contribute to the risk of childhood asthma. Nature. 2007;448:470-3

66. Luthers CR, Dunn TM, Snow AL. ORMDL3 and asthma: linking sphingolipid regulation to altered T cell 

function. Frontiers in Immunology. 2020;11:597945

67. Wills-Karp M. At last—linking ORMDL3 polymorphisms, decreased sphingolipid synthesis, and asthma 

susceptibility. The Journal of Clinical Investigation. 2020;130:604-7

68. Garcia‐Gil M, Pierucci F, Vestri A, Meacci E. Crosstalk between sphingolipids and vitamin D3: potential 

role in the nervous system. British Journal of Pharmacology. 2017;174:605-27

69. Fenizia S, Gaggini M, Vassalle C. Interplay between Vitamin D and Sphingolipids in Cardiometabolic 

Diseases. International Journal of Molecular Sciences. 2023;24:17123

70. Kim M, Brustad N, Ali M, Gürdeniz G, Arendt M, Litonjua AA, et al. Maternal vitamin D–related metabolome 

and offspring risk of asthma outcomes. Journal of Allergy and Clinical Immunology. 2023;152:1646-57.e11

71. Kelly RS, Chawes BL, Guo F, Zhang L, Blighe K, Litonjua AA, et al. The role of the 17q21 genotype in the 

prevention of early childhood asthma and recurrent wheeze by vitamin D. European Respiratory Journal. 

2019;54

72. Knihtilä HM, Kelly RS, Brustad N, Huang M, Kachroo P, Chawes BL, et al. Maternal 17q21 genotype influ-

ences prenatal vitamin D effects on offspring asthma/recurrent wheeze. European Respiratory Journal. 

2021;58

73. Lu M, Litonjua AA, O’Connor GT, Zeiger RS, Bacharier L, Schatz M, et al. Effect of early and late prenatal 

vitamin D and maternal asthma status on offspring asthma or recurrent wheeze. J Allergy Clin Immunol. 

2021;147:1234-41 

74. Qin R, An J, Xie J, Huang R, Xie Y, He L, et al. FEF25-75% is a more sensitive measure reflecting airway 

dysfunction in patients with asthma: a comparison study using FEF25-75% and FEV1%. The Journal of 

Allergy and Clinical Immunology: In Practice. 2021;9:3649-59.e6

75. Simon MR, Chinchilli VM, Phillips BR, Sorkness CA, Lemanske Jr RF, Szefler SJ, et al. Forced expiratory 

flow between 25% and 75% of vital capacity and FEV1/forced vital capacity ratio in relation to clinical 

and physiological parameters in asthmatic children with normal FEV1 values. Journal of Allergy and 

Clinical Immunology. 2010;126:527-34.e8

76. Szefler SJ, Goldstein S, Vogelberg C, Bensch GW, Given J, Jugovic B, et al. Forced expiratory flow (FEF 

25–75%) as a clinical endpoint in children and adolescents with symptomatic asthma receiving tiotropium: 

a post hoc analysis. Pulmonary Therapy. 2020;6:151-8

77. Cazzola M, MacNee W, Martinez F, Rabe KF, Franciosi L, Barnes P, et al. Outcomes for COPD pharmacological 

trials: from lung function to biomarkers. European respiratory journal. 2008;31:416-69

78. Alvarez-Perea A, Cabrera-Freitag P, Fuentes-Aparicio V, Infante S. Advancements in Anaphylaxis Manage-

ment. Current Pharmaceutical Design. 2023;29:185-95



Chapter 4

108

79. Crim C, Frith LJ, Midwinter D, Donohue JF. FEV1 minimum important difference versus minimal detect-

able difference? In search of the unicorn. American Journal of Respiratory and Critical Care Medicine. 

2021;203:1573-6

80. Bonini M, Di Paolo M, Bagnasco D, Baiardini I, Braido F, Caminati M, et al. Minimal clinically important differ-

ence for asthma endpoints: an expert consensus report. European Respiratory Review. 2020;29:190137



Prenatal vitamin D and offspring respiratory health

109

4




