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Abstract
Background and Objective Vitamin D insufficiency is common in several pediatric diseases including obesity and asthma. 
Little data exist describing the pharmacokinetics of oral vitamin D in children or the optimal dosing to achieve therapeutic 
25(OH)D targets. Describe the pharmacokinetics of oral Vitamin D in children with asthma.
Methods This was a multi-center, randomized, open-label, oral supplementation study to describe the pharmacokinetics 
of vitamin D in children aged 6–17 years who have asthma and were overweight/obese. Participants had a serum 25(OH)
D concentration between 10 and < 30 ng/mL at baseline. In Part 1 of the study, we assessed four 16-week dosing regimens 
for their ability to achieve 25(OH)D concentrations ≥ 40 ng/mL. Using serial serum 25(OH)D sampling over 28 weeks, 
we created a population pharmacokinetic model and performed dosing simulations to achieve 25(OH)D concentrations ≥ 
40 ng/mL. In Part 2, the optimal regimen chosen from Part 1 was compared (2:1) to a standard-of-care control dose (600 
international units [IU] daily) over 16 weeks. A final population pharmacokinetic model using both parts was developed to 
perform dosing simulations and determine important co-variates in the pharmacokinetics of vitamin D.
Results Based on empiric and simulation data, the daily dose of 8000 IU and a loading dose of 50,000 IU were chosen; 
this regimen raised 25(OH)D concentrations above 40 ng/mL in the majority of participants while avoiding concentrations 
> 100 ng/mL. A 50,000-IU loading dose led to faster achievement of 25(OH)D therapeutic concentrations (≥ 40 ng/mL). 
The estimated median (5th–95th percentiles) apparent clearance of vitamin D from the final population pharmacokinetic 
model was 0.181 (0.155–0.206) L/h. The body mass index z-score was a significant covariate on apparent clearance and was 
associated with a significantly decreased median half-life in 25(OH)D (body mass index z-score 1.00–1.99: 97.7 days, body 
mass index z-score 2.00–2.99: 65.9 days, body mass index z-score ≥ 3.00: 39.1 days, p < 0.001).
Conclusions Obesity impacts vitamin D clearance and the half-life, but serum concentrations > 40 ng/mL can be reached 
in most children using a loading dose of 50,000 IU followed by a daily dose of 8000 IU.
Clinical Trial Registration ClinicalTrials.gov identifier number NCT03686150

Extended author information available on the last page of the article

1 Introduction

Low serum vitamin D concentrations [25(OH)D] are 
highly prevalent in obesity [1] and asthma [2]. Asthma is 
one of the most common chronic illnesses in childhood; 
the disease burden of uncontrolled asthma in children 
includes missed school days, parental work absence, limi-
tation of activities of daily living, emergency department 
visits, and hospitalizations [3]. Low vitamin D concentra-
tions are associated with higher rates of asthma exacerba-
tions [2, 4], and decreased lung function [5]. Similarly, 
obesity is a burgeoning problem throughout the USA [6]. 
Patients with asthma who are overweight or obese tend 

to have increased asthma symptoms [7–9]. The 25(OH)
D serum concentration that is optimal for asthma is not 
known; although it has been proposed that concentrations 
above 40 ng/mL are particularly beneficial [10, 11] owing 
to enhanced anti-infective and anti-inflammatory activity 
[12, 13]. For children with asthma and overweight/obesity 
to attain serum 25(OH)D concentrations above 40 ng/mL, 
the optimal dosing regimen of oral vitamin D is unknown. 
However, it is likely that higher doses are needed given the 
large volume of distribution for lipophilic molecules that 
exists with obesity. Defining vitamin D pharmacokinetics 
in children with overweight/obesity is a critical first step 
in evaluating the role of vitamin D as a potential low-cost, 
readily available asthma therapy.

http://crossmark.crossref.org/dialog/?doi=10.1007/s40262-023-01285-9&domain=pdf
http://orcid.org/0000-0001-9115-5312
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Key Points 

Among children aged 6–17 years who are overweight/
obese and have asthma with a baseline 25(OH)D con-
centration from between 10 and 29.9 ng/mL, the oral 
vitamin D dosing regimen of a 50,000-IU loading dose 
followed by once-daily 8000 IU over 16 weeks reliably 
achieved 25(OH)D concentrations above 40 ng/mL with-
out exceeding 100 ng/mL.

Body mass index was a significant covariate of vitamin 
D pharmacokinetics; a progressively increasing body 
mass index was associated with a reduced 25(OH)D 
half-life.

Children with severe obesity (z-scores >3) may need 
higher daily dosing to achieve serum 25(OH)D concen-
trations above 40 ng/mL.

Studies of vitamin D supplementation in adults with 
overweight/obesity have demonstrated decreased bio-
availability [14], which was attributed to increased serum 
25(OH)D deposition in body fat [15–17]. Studies are lack-
ing that describe the pharmacokinetics of vitamin D sup-
plementation in children with overweight/obesity. The 
Vitamin D Oral Replacement in Asthma (VDORA) phar-
macokinetic (PK) study intends to fill this gap by describ-
ing key PK parameters and identifying the appropriate dose 
of oral vitamin D needed to raise 25(OH)D concentrations 
above 40 ng/mL in children with overweight/obesity and 
asthma. The primary paper including clinical outcomes 
will be presented separately. Here, we present the pharma-
cokinetics of vitamin D in this randomized clinical trial 
of oral vitamin D supplementation in children with over-
weight/obesity and asthma.

2  Methods

2.1  Ethics Approval and Consent

The University of Arkansas for Medical Sciences Insti-
tutional Review Board served as the institutional review 
board of record for this multi-site study. Informed consent 
and assent were obtained from the participants and their 
parents or legally authorized representatives (caregiver) 
prior to any research-related procedures. The Clinical Tri-
als website (https:// clini caltr ials. gov) study number was 
NCT03686150.

2.2  Study Design and Population

The trial design of the VDORA study, a multi-center, rand-
omized, open-label PK study, has been previously described 
[17]. Briefly, VDORA was conducted in two parts: Part 1 
was a PK analysis to inform optimal dosing to test in Part 
2. Part 2 was a 16-week study to confirm the success of 
the chosen dosing regimen to achieve a serum concentra-
tion of 25(OH)D ≥ 40 ng/mL. Both parts included children 
aged between 6 and 17 at enrollment. Inclusion criteria also 
included the following: body mass index (BMI) ≥ 85% for 
age and sex; physician-diagnosed asthma; and a baseline 
serum 25(OH)D concentration between 10 ng/mL and < 
30 ng/mL. Exclusion criteria included the following: taking 
supplemental vitamin D > 1000 international units (IU) per 
day; plans to move out of the study area; another child in the 
household enrolled in the study; and medical issues that in 
the opinion of the investigator put the participant at risk or 
would affect the results of the study.

2.2.1  Study Design

Part 1 Participants were randomized (1:1:1:1) into one of 
four 16-week vitamin  D3 dosing cohorts: Cohort A received 
a single 50,000-IU loading dose plus a 6000-IU daily dose; 
Cohort B received a single 50,000-IU loading dose plus a 
10,000-IU daily dose; Cohort C received no loading dose but 
a 6000-IU daily dose; and Cohort D received no loading dose 
but a 600-IU ‘standard-of-care’ daily dose. After four partici-
pants in each dosing cohort (16 total participants) completed 
PK sampling at week 20, an interim analysis was performed 
to determine the recommended dose for use in Part 2 of the 
study. Criteria for selection for Part 2 included achieving a 
25(OH)D concentration > 40 ng/mL at week 16 in the major-
ity of participants, while minimizing the number of partici-
pants with 25(OH)D concentrations exceeding 100 ng/mL.

Part 2 Based on the results of the Part 1 interim analysis, 
an optimal regimen was chosen to be given through week 16 
(Cohort E). This optimal regimen was compared to a stand-
ard-of-care dose of 600 IU daily (Cohort F). Participants in 
Part 2 were randomized in a 2:1 ratio (i.e., two allotments 
of the optimal regimen to one allotment of a 600-IU com-
parator). The randomization used a stratified block scheme, 
based on age (6–11 vs 12–17 years) and age-adjusted and 
sex-adjusted BMI percentiles (overweight [85th–94th] vs 
obese [≥ 95th%]).

2.3  Blood Draw and Sample Preparation

In both Part 1 and Part 2, serum 25(OH)D was evaluated at 
baseline and at pre-determined times during the dosing phase 

https://clinicaltrials.gov
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(week 1, between week 1 and week 3 [optional], weeks 4, 8, 
12, and 16) and during follow-up (weeks 20, 24, and 28) to 
assess elimination kinetics. Blood samples were collected by 
venipuncture or the finger stick method (venipuncture only at 
baseline and week 16 when cytokines were collected). Blood 
samples for determination of serum 25(OH)D were analyzed 
by Quest Labs using a validated immunoassay.

2.4  Pharmacokinetic and Statistical Analysis

Available demographic and clinical data were summarized 
within each dosing cohort using standard summary statis-
tics (e.g., mean, median, range) for continuous variables or 
counts and percentages for categorical variables. Pharma-
cokinetic calculations were conducted on Part 1 and Part 2 
individually and combined.

2.4.1  Part 1

An interim population PK (popPK) analysis using 25(OH)
D concentrations measured from serum samples collected 
after oral administration of vitamin  D3 was performed using 
the software for nonlinear mixed-effects modeling (NON-
MEM, version 7.4) and the first order conditional estimation 
method with interaction. One-compartment and two-com-
partment structural models were evaluated. Both linear and 
nonlinear absorption and elimination kinetics implemented 
using Michaelis–Menten kinetics were tested. A multivari-
able covariate screen was performed for potential associa-
tions with PK parameters. The following potential covariates 
were screened: total body weight, fat-free mass, normal fat 
mass, lean body mass, age, body mass index (BMI), BMI 
percentile, obese (BMI ≥ 95th percentile), morbidly obese 
(BMI ≥ 99th percentile), season, ethnicity, race, and sex. 
During the model building process, potential covariates that 
reduced the objective function value by more than 3.84 (p < 
~ 0.05 for 1 degree of freedom) were planned for inclusion in 
the subsequent multivariable analysis. A forward inclusion 

Empirical Bayesian estimates (EBEs) of individual partici-
pant PK parameters were generated from the final model 
using the post-hoc subroutine and were summarized by age 
group (6–<12 years and ≥ 12 years) and weight group (over-
weight, obese, and morbidly obese). The Wilcoxon rank-sum 
test was performed to compare the distribution of EBE PK 
parameters between age groups and between weight groups.

Using the final PK model and individual EBEs of PK 
parameters for the Part 1 study participants, serum concen-
tration–time profiles of 25(OH)D were simulated for each 
participant. A 16-week treatment course was simulated for 
each of the following dosing regimens: (1) single 50,000-IU 
loading dose and 10,000-IU daily dose; (2) single 50,000-IU 
loading dose and 9000 IU daily dose; (3) single 50,000-IU 
loading dose and 8000-IU daily dose; (4) single 50,000-IU 
loading dose and 5000-IU daily dose; (5) 8000-IU daily 
dose; and (6) 600-IU daily dose. The percentage of sim-
ulation subjects (the Part 1 study participants included in 
the PK model) with serum 25(OH)D ≥ 40 ng/mL, serum 
25(OH)D >100 ng/mL, and serum 25(OH)D > 150 ng/mL 
at 16 weeks was calculated for each dosing regimen. The 
best dosing regimen was determined as the one resulting 
in serum 25(OH)D ≥ 40 ng/mL at 16 weeks in a majority 
(i.e., 75%) of subjects and serum 25(OH)D > 100 ng/mL 
in a minimum number of subjects. In addition, a 52-week 
treatment course was simulated for regimen 1 and regimen 
3 above. The percentage of simulation subjects with serum 
25(OH)D ≥40 ng/mL, serum 25(OH)D >100 ng/mL, and 
serum 25(OH)D >150 ng/mL at 52 weeks were calculated 
for regimen 1 and regimen 3.

The comparability analysis of PK model-predicted 
25(OH)D concentrations (using the popPK model derived 
from Part 1) was compared to observed 25(OH)D concentra-
tions in VDORA Part 2. The overall bias and imprecision of 
predicted plasma concentrations was assessed through cal-
culation of the median percentage prediction error (MPPE) 
and median absolute percentage prediction error (MAPE), 
respectively, according to the following equations:

where CONCplasma_OBS is the observed plasma concen-
tration and CONCplasma_PRED is the predicted plasma 
concentration based on the PK model from VDORA Part 1. 
The MPPE and MAPE values less than 15% were considered 
acceptable.

(1)MPPE = median
[

100 × (CONCplasma_PRED − CONCplasma_OBS)∕CONCplasma_OBS
]

,

(2)MAPE = median
[

100 × (CONCplasma_PRED − CONCplasma_OBS)∕CONCplasma_OBS
]

,

approach with backwards elimination was planned for the 
multivariable step, and a reduction in the objective func-
tion value of 7.88 (p < ~ 0.005 for 1 degree of freedom) 
was required for retention of a covariate in the final model. 



 J. E. Lang et al.

2.4.2  Combined Model Development: Part 2

A popPK model was refitted employing PK data combined 
from Parts 1 and 2. A two-compartment popPK model with 
linear absorption and elimination kinetics was employed as 
the base model. The refitted model was guided by goodness-
of-fit plots, plausibility of parameter estimates, and reductions 
in inter-individual variability (IIV) for structural and residual 
error parameters, as well as objective function and shrink-
age values. Model output was processed using software Stata 
(Version 13.1; Statacorp LLC, College Station, TX, USA), 
and the Xpose, ggplot2, and lattice packages in the software 
R. Inter-individual variability and shrinkage were calculated 
using Eqs. 3 and 4, respectively. Inter-individual variability 
was not retained on a given parameter if shrinkage was >40%.

where Pij denotes the estimate of parameter j in the ith indi-
vidual, θPop,j is the population value for parameter j, and ηij 
denotes the deviation from the average population value for 
parameter j in the ith individual. The random variable η is 
assumed to be normally distributed with a mean zero and 
variance ω2.

where SD(�j ) is the standard deviation of the jth ETA overall 
number of subjects and �j, j is the population variance of the 
jth random effect.

Covariate evaluation was performed using both visual 
and statistical approaches to examine the relationship 
between PK Pmodel parameters and demographic factors 
and co-administered medications, as applicable. Weight 
status including BMI, BMI z-score, and BMI percentile 
were evaluated using both fixed and estimated exponents. 
Similar to Part 1, a standard forward inclusion-backward 
elimination approach was used to include covariates in 
the popPK model. Additional categorical weight-related 
covariates were evaluated on the allometric scaling rela-
tionship (obese or morbidly obese) evaluated on a univari-
ate and multivariate analysis. To judge inclusion of covari-
ates in the PK model, an objective function value drop of 
3.84, corresponding to a p-value of 0.05 and 1 degree of 
freedom, was used for the forward inclusion, and 10.83 (p 
= 0.001) was used for the backward elimination step. A 
popPK model was refitted employing combined PK data 
from Parts 1 and 2 of the VDORA study.

Continuous covariates were normalized to the popu-
lation median value as described in Eq. 5, whereas for 

(3)Pij = �Pop,j ∗ exp
(

�ij

)

,

(4)Shrinkage = 1 −
SD

�

�j

�

√

�j, j
,

categorical covariates, a relationship as shown in Eq. 6 
was used.

where PARij denotes the estimate of parameter j in the ith 
individual, θPop,j is the population value for parameter j, covi 
denotes the individual covariate value, covm is the population 
median covariate value, �cov is a parameter that represents 
the covariate effect, and CATEGORICAL is a dichotomous 
categorical variable that can take on the value of zero or one 
for each level of a categorical predictor.

Covariates for which there was >50% missing data were 
not evaluated in the model. All continuous covariates were 
imputed after stopping the dosing period. The imputation 
was performed using the last covariate recorded value. Miss-
ing values for categorical covariates were not imputed.

The following diagnostic plots were generated: individual 
predictions (IPRED) and population predictions (PRED) 
versus observed data; conditional weighted residuals versus 
PRED and time; and individual weighted residuals versus 
IPRED. The precision of popPK parameters was evaluated 
using non-parametric bootstrapping to generate the 95% con-
fidence intervals of parameter estimates. Visual predictive 
checks were performed for the final model by generating 
1000 Monte Carlo simulation replicates per timepoint and 
simulated results were compared with those observed in the 
study. The following diagnostic plots were generated among 
others: IPRED and PRED versus observed data; conditional 
weighted residuals versus PRED and time; and individual 
weighted residuals versus IPRED.

Precision of popPK parameters was evaluated using non-
parametric bootstrapping to generate the 95% confidence 
intervals of parameter estimates. Visual predictive checks 
were performed for the final model by generating 1000 
Monte Carlo simulation replicates per timepoint and simu-
lated results were compared with those observed in the study.

3  Results

3.1  Participant Characteristics of the PK study

Part 1 baseline characteristics were generally similar across 
the dosing cohorts including baseline BMI, BMI percentile, 
age, race/ethnicity, and baseline serum 25(OH)D concentra-
tions. Table 1 also shows that these baseline characteristics 
were generally similar among Part 1 and Part 2 participants.

(5)PARij = �Pop,j ∗

(

covi

covm

)�cov

,

(6)PARij = �Pop,j ∗
�cov∗CATEGORICAL,
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3.2  Part 1 PK Model Development and Simulations

Part 1 of the VDORA study evaluated the population phar-
macokinetics of 25(OH)D using 227 serum concentrations 
among 44 pediatric participants, including participants who 
were overweight (N = 9), obese (N = 11), and morbidly 
obese (N = 24). The median (range) number of samples col-
lected per participant was 5 (1–9). Part 1 25(OH)D serum 
concentrations during the 16-week treatment period and the 
12-week follow-up period for each dosing cohort are shown 
in Fig. 1.

Different PK structural models were evaluated. Based 
on model selection criteria, a two-compartment model 
with linear absorption and linear elimination kinetics fit 
the data best. A constant endogenous input rate to the cen-
tral compartment for 25(OH)D was included in the model. 

A parameter (BASE) was used to describe the baseline 
25(OH)D concentration in the model. Scatter plots of 
physiologically plausible covariates versus ETA_CL and 
ETA_BASE, the individual deviation from the population 
typical value for apparent clearance (CL/F) and BASE, 
respectively, were used to determine which covariates 
would be assessed for inclusion in the final model. A 
summary table of the covariate model building process is 
shown in Table 1 of the Electronic Supplementary Mate-
rial (ESM). The final popPK model did not identify any 
significant covariates. Parameter estimates for the final PK 
model are shown in Table 2.

Simulated 25(OH)D serum concentration–time profiles 
after a 16-week treatment in simulation participants using the 
final Part 1 PK model and individual EBE PK parameters are 
shown in Fig. 2. Notably, the precision of dosing simulations 

Table 1  Participant characteristics

BMI body mass index, IU international units
a Values are medians (range) for continuous variables and counts (%) for categorical variables, calculated based on values at the time of first 
recorded dose. For categorical variables, percentages were calculated as a function of the number of participants in each study
b Weight group was overweight: BMI ≥85th percentile and BMI <95th percentile; obese: BMI ≥95th percentile and BMI <99th percentile; mor-
bidly obese: BMI ≥99th percentile

Dose Part 1 Part 2

Cohort A (N = 12) Cohort B (N = 11) Cohort C (N = 10) Cohort D (N = 11) Cohort E (N = 43) Cohort F (N = 20)

50,000-IU loading 
dose + 6000 IU 
daily

50,000-IU loading 
dose + 10000 IU 
daily

No loading dose + 
6000 IU daily

No loading dose + 
600 IU daily

50,000-IU loading 
dose + 8000 IU 
daily

No loading dose 
+ 600 IU daily

Covariatea Median (range) Median (range) Median (range) Median (range) Median (range) Median (range)

Age (years) 12.4 (8.3–17.9) 13.4 (6.5–17.5) 11.2 (6.8–15.6) 12.9 (8.3–16.9) 12.2 (8.0–17.0) 12.1 (8.0–15.0)
Baseline 25(OH)D 

(ng/mL)
18.0 (10.0–27.0) 19.0 (11.0–25.0) 21.0 (9.0–25.0) 16.0 (11.0–26.0) 18.0 (8.0–33.0) 14.5 (10.0–26.0)

Male, n (%) 6 (50) 4 (36) 6 (60) 6 (55) 23 (53) 10 (50)
BMI (kg/m2) 32.7 (20.8–53.1) 31.3 (22.4–42.3) 29.4 (23.8–37.4) 28.4 (24.0–46.6) 29 (17.5–48.4) 26.3 (21.5–52.3)
BMI percentile 98.7 (91.9–99.9) 98.8 (86.2–99.4) 98.5 (93.1–99.8) 98.5 (85.0–99.8) 98.5 (85.4–99.8) 98.0 (85.5–99.7)
Weight  groupb, 

n (%)
 Overweight 3 (25) 2 (18) 1 (10) 3 (27) 9 (21) 5 (25)
 Obese 4 (33) 2 (18) 2 (20) 3 (27) 16 (37) 8 (40)
 Morbidly obese 5 (42) 7 (64) 7 (70) 5 (45) 18 (42) 7 (35)

Race, n (%)
 White 3 (25) 5 (45) 3 (30) 5 (45) 19 (44) 9 (45)
 Black 6 (50) 4 (36) 4 (40) 6 (55) 15 (35) 9 (45)
 American Indian/

Alaska Native
0 (0) 0 (0) 0 (0) 0 (0) 3 (7) 1 (5)

 Native Hawaiian/
Pacific Islander

0 (0) 0 (0) 0 (0) 0 (0) 1 (2) 0 (0)

 Unknown 3 (25) 0 (0) 1 (10) 0 (0) 3 (7) 0 (0)
 Asian 0 (0) 1 (9) 1 (10) 0 (0) 0 (0) 0 (0)
 Multiple races 0 (0) 1 (9) 1 (10) 0 (0) 2 (5) 1 (5)

H ispanic/Latino, 
n (%)

5 (42) 1 (9) 2 (20) 1 (9) 7 (16) 3 (15)
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was limited, especially with large IIV on CL/F, the main 
parameter affecting plasma concentrations at steady state. The 
percentages of simulation participants with serum 25(OH)D 
≥ 40 ng/mL, ≥ 100 ng/mL, and ≥ 150 ng/mL at 16 weeks are 
shown in Table 3. A single 50,000-IU loading dose and an 
8000-IU daily dose resulted in serum 25(OH)D ≥ 40 ng/mL 
at 16 weeks in a majority of subjects (82%) and serum 25(OH)
D > 100 ng/mL in 0% of subjects. Higher maintenance doses 
(9000 IU daily or 10,000 IU daily) increased the percentage of 
subjects with serum 25(OH)D ≥ 40 ng/mL at 16 weeks (93% 
and 98%, respectively), but also resulted in a small portion 
of subjects with serum 25(OH)D > 100 ng/mL (2% and 7%, 
respectively).

Serum 25(OH)D concentration–time profiles during 52 
weeks of treatment in simulation participants using the final 
PK model and individual EBE PK parameters are shown in 
Fig. 3. A single 50,000-IU loading dose plus 10,000 IU daily 
for 52 weeks resulted in serum 25(OH)D ≥40 ng/mL, > 100 
ng/mL, and >150 ng/mL in 98%, 48%, and 7% respectively; 
while the same loading dose plus a reduction to 8000 IU daily 
for 52 weeks resulted in serum 25(OH)D ≥40 ng/mL, > 100 
ng/mL, and > 150 ng/mL of 98%, 27%, and 0% respectively. 

Results from Part 1 of the study led the study team to select a 
loading dose of 50,000 IU followed by a daily dose of 8000 IU 
to be confirmed in Part 2. Omitting the loading dose resulted 
in similar exposures at week 16 but resulted in concentrations 
below the PK target earlier in the study period.

3.3  Part 2 Combined PK Model Development

3.3.1  Part 2 Concentrations of 25(OH)D

A total of 63 participants were enrolled and randomized to 
one of two Part 2 dosing groups: (1) single 50,000-IU load-
ing dose and an 8000-IU daily dose or (2) no loading dose 
and a 600-IU daily dose regimen. Baseline characteristics 
for Part 2 participants are shown in Table 1. Part 2 25(OH)
D serum concentrations during the 16-week treatment period 
and the 12-week follow-up period for the two dosing cohorts 
are shown in Fig. 4.

A total of 848 25(OH)D serum concentrations from 109 
combined participants (46 from Part 1 and 63 from Part 2) 
were collected after administration of vitamin D and were 
included to perform the popPK analysis. A comparability 

Fig. 1  25(OH)D concentra-
tion versus time in each Part 1 
dosing cohort. Gray shading on 
the x-axis denotes the treatment 
period. IU international units, 
LD loading dose
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Table 2  Parameter estimates 
for the Part 1 population 
pharmacokinetic model

BASE 25(OH)D baseline concentration, CL/FM apparent clearance for 25(OH)D, CV% % coefficient of 
variation, Ka absorption rate constant, Q/FM inter-compartmental clearance for 25(OH)D, RSE relative 
standard error, Vc/FM volume of the central compartment for 25(OH)D, Vp/FM volume of the peripheral 
compartment for 25(OH)D
a 500 bootstrap runs were performed

Parameter Estimate RSE (%) 2.5th percentile Bootstrapa median 97.5th percentile

Structural model
 Ka (1/h) 0.00178 28 0.00114 0.00180 0.00423
 CL/FM (L/h) 0.0858 55 0.0251 0.0827 0.190
 Vc/FM (L) 35.2 38 15.1 35.3 81.9
 Q/FM (L/h) 0.189 16 0.13 0.19 0.26
 Vp/FM (L) 724 36 182 747 1198
 BASE (nmol/L) 45.8 5 41.9 45.9 49.7

Inter-individual variability (%CV)
 CL/FM 113 62 61 114 200
 BASE 27 22 21 27 33
 Q/FM 28 45 15 28 88

Residual error
 Proportional
 error (%)

13 20 10 12 15

Fig. 2  Simulated 25(OH)D concentration–time profiles of 25(OH)D after 52 weeks. Simulations assumed treatment for 16 weeks. Gray boxes 
show post-treatment samples. LD loading dose
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analysis was conducted on PK model-predicted 25(OH)D 
concentrations from Part 1 compared to observed 25(OH)D 
concentrations in Part 2. The overall bias and imprecision 
of predicted plasma concentrations expressed in terms of 
MPPE and MAPE were − 1.67% and 8.17%, respectively 
(Table 2 of the ESM).

A covariate analysis identified weight as a significant covar-
iate. After evaluating allometric scaling of weight on CL/F and 
apparent volume of distribution (V/F) and subsequent evalua-
tion of the BMI Z-score as a covariate, BMI Z-score inclusion 
on CL/F and V/F showed improved parameter precision and 
was retained in the final model. The covariate analysis identi-
fied weight as a significant covariate on CL/F and V/F, and 
the BMI Z-score as a significant covariate on CL/F and V/F. 
The BMI Z-score improved parameter precision compared to 
weight and was included in the final model. After including the 
BMI z-score in the popPK analysis, the IIV (expressed as % 
coefficient of variation) on CL/F was reduced from 63 to 59% 
and intercompartmental clearance (Q)/bioavailability (F) (Q/F) 
reduced substantially from 120% to 104%, and BASE reduced 
from 30 to 29%. The equation for the final PK model was:

where ZBMIi denotes the BMI z-score of an individual par-
ticipant, CL, Vc, and Q are the population estimates for a 
median BMI z-score of 2.36, and CLi, Vci, and Qi are the 
estimates for an individual participant. Refer to Table 3 of 
the ESM for a summary of the combined covariate model-
building process for 25(OH)D.

The final popPK parameter estimates for the final 
model, and comparison with parameter estimates between 
Part 1 and Part 2, are shown in Table  4. In the final 
popPK model, the elimination half-life of 25(OH)D was 
calculated after implementing the BMI Z-score. Morbidly 

(7)CLi = CL ∗

(

ZBMIi

2.36

)0.75

,

(8)Vci = Vc ∗

(

ZBMIi

2.36

)1

,

(9)Qi = Q ∗

(

ZBMIi

2.36

)1

,

Table 3  Percentages of simulation participants achieving 25(OH)D thresholds after 16 weeks of treatment

IU international units
a Part 1 participants included in the final population pharmacokinetic model (N = 44) were used in the simulation for each dosing regimen

Regimen Dosea Percent achieving 25(OH)
D ≥ 40 ng/mL

Percent achieving 25(OH)D 
≥ 100 ng/mL

Percent achieving 
25(OH)D ≥ 150 ng/
mL

1 50,000 IU loading + 10,000 IU daily 98 7 0
2 50,000 IU loading + 9000 IU daily 93 2 0
3 50,000 IU loading + 8000 IU daily 82 0 0
4 50,000 IU loading + 5000 IU daily 66 0 0
5 8000 IU daily dose 82 0 0
6 600 IU daily dose 0 0 0

Fig. 3  Simulated 25(OH)D 
concentrations with 52 weeks 
of treatment. A Simulation 
assumed a 50,000-international 
unit (IU) loading dose plus 
10,000 IU daily. B Simulation 
assumed a 50,000-IU loading 
dose plus 8000 IU daily
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obese subjects showed lower half-lives (p < 0.001), com-
pared with overweight and obese subjects (Table 5). Refer 
to Figs. 2–4 of the ESM for further details on the model 
evaluation including diagnostic plots and visual predic-
tive check. Overall, the final popPK model characterized 
the data well with no evidence of model misspecification. 
The majority of observed concentrations fell within the 
90% prediction interval.

4  Discussion

This multi-center, randomized, 16-week, open-label study 
evaluated the PK parameters and optimal dosing of oral 
vitamin D in vitamin D-insufficient or deficient children 
who are overweight or obese and have asthma. We found 
that the dosing regimen of a 50,000-IU single oral load-
ing dose plus once-daily oral dosing of 8000 IU was suc-
cessful in achieving 25(OH)D concentrations > 40 ng/mL 
in most patients, with important variability and changes 
in the half-life associated with BMI z-scores. While this 
study focused on children with asthma and overweight/
obesity, a better understanding of vitamin D pharmacoki-
netics in children with overweight/obesity will be clini-
cally useful for many pediatric disorders.

25(OH)D is the major circulating form of vitamin D 
and is commonly used to measure vitamin D status [18]. 

Previous studies have indicated that a 25(OH)D serum 
concentration above 40 ng/mL may improve asthma con-
trol [12, 13, 19, 20]. The upper bound of normal serum 
25(OH)D is typically 100 ng/mL in most laboratories, and 
toxicity is unlikely to occur at concentrations < 150 ng/mL 
[21, 22]. However, optimal dosing to achieve a concentra-
tion of 25(OH)D ≥ 40 ng/mL is not known in children who 
are overweight or obese.

Vitamin D, a hormone, can be obtained by dietary supple-
mentation, but it is also produced endogenously in humans 
following sunlight exposure. Bile salts must be present in 
the body for the enteral absorption of exogenous vitamin D. 
Once vitamin D enters the circulation, most of it becomes 
stored in body fat. Vitamin D is converted to its active form 
in two steps: first, it is converted to 25(OH)D in the liver; 
then it is further metabolized in the kidneys to the active 
form 1,25(OH)2D [23]. Vitamin D is mainly eliminated 
through biliary excretion. The relationship between vitamin 
D dose and serum 25(OH)D concentration was reported to 
be nonlinear in studies using a meta-analysis of data col-
lected after a wide range of vitamin D dosing [18, 23]. Bio-
availability of the active form of vitamin D is impacted by 
several factors including sunlight exposure, nutrition, vita-
min D metabolism gene polymorphisms, and albumin and 
vitamin D binding protein levels [24, 25]. Other researchers 
have shown that obesity is associated with lower vitamin D 
bioavailability in male adults.[14, 15] These obesity-related 

Fig. 4  25(OH)D concentration versus time by dosing cohort in Part 2. Gray shading on the x-axis denotes the treatment period. IU international 
unit, LD loading dose
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differences in bioavailability are present with both oral sup-
plementation and ultraviolet light treatment [14]; this sug-
gests that lower bioavailability in obesity is related to vita-
min D deposition in a larger body fat compartment.

Very few studies have published pediatric PK results 
involving vitamin D following oral supplementation. In 
one study involving vitamin D supplementation, Lewis and 
colleagues gave otherwise healthy children 4000 IU daily, 
which yielded a median 25(OH)D increase of 30.45 ng/mL 
after 12 weeks [26]. Forno and colleagues gave children 
with asthma 4000 IU daily (without a loading dose) for 48 
weeks, which yielded mean 25(OH)D concentrations at 16, 
32, and 48 weeks of 57.2 ng/mL, 53.8 ng/mL, and 49.4 ng/
mL, respectively.[27]

Principles of drug development recommend phase II tri-
als to determine the optimal dose of a drug prior to larger 
pivotal efficacy trials [28, 29]. Little to no data exist describ-
ing the PK parameters and optimal dosing of oral vitamin 
D in children with obesity. The popPK model developed in 
Part 1 of this study recommended a target vitamin D dosage 
regimen that included a single 50,000-IU dose followed by 
daily oral doses of 8000 IU. In Part 2, 79% of the subjects 
assigned to the 50,000-IU regimen achieved the 25(OH)D 
concentration target (≥ 40 ng/mL), in contrast to zero sub-
jects who received the standard-of-care regimen (no loading 
dose followed by a 600-IU daily dose). Of the participants 
who achieved the 25(OH)D target, 6% had concentrations > 
100 ng/mL and no participant exceeded 150 ng/mL at week 

Table 4  Comparative of population pharmacokinetic model parameters estimates in VDORA Part 1 and refitted employing Part 1 and VDORA 
Part 2 data

BASE 25(OH)D baseline concentration, CL/FM apparent clearance for 25(OH)D, CV% % coefficient of variation, Ka absorption rate constant for 
parent compound, Q/FM inter-compartmental clearance for 25(OH)D, RSE relative standard error, Vc/FM volume of the central compartment 
for 25(OH)D, VDORA Vitamin D Oral Replacement in Asthma, Vp/FM volume of the peripheral compartment for 25(OH)D
a VDORA: database employed to develop the population pharmacokinetic model in VDORA Part 1
b VDORA: merged Part 1 and Part 2 databases, after finalized VDORA sample collection
c Bootstrap 1000 bootstrap runs were performed

VDORA Part  1a VDORA Part 1 and  2b Bootstrapc

Parameter Estimate RSE (%) Estimate RSE (%) Median 5th percentile 95th percentile

Structural model
 Ka (1/h) 0.0018 28 0.0022 35 0.0020 0.0013 0.0038
 CL/FM (L/h) 0.0858 55 0.1790 8 0.1813 0.1552 0.2061
 Vc/FM (L) 35.2 38 30.2 55 26.4000 8.5256 58.5874
 Q/FM (L/h) 0.189 16 0.116 33 0.1040 0.0484 0.1761
 Vp/FM (L) 724 36 170 14 169.0000 119.1716 211.8598
 BASE (nmol/L) 45.8 5 42.6 3 42.4000 40.3124 44.8826

Inter-individual variability (%CV)
 CL/FM 113 62 63 20 63 53 73
 BASE 27 22 30 18 30 25 34
 Q/FM 28 45 120 39 121 86 174

Residual error
 Proportional error (%) 13 20 15 10 15 14 16

Table 5  25(OH)D elimination half-life and model-predicted concentrations across BMI Z-scores

BMI body mass index, IU international units
*p < 0.001; **predicted concentrations at week 16 using a single 50,000-IU loading dose plus 8000 IU daily

BMI Z-score 25(OH)D half-life (days) Population-predicted 
concentrations (ng/
mL)**

Individual-predicted con-
centrations (ng/mL)**

Individual-predicted 
baseline concentrations 
(ng/mL)**

Mean Median (range) Mean Median (range) Mean Median (range) Mean Median (range)

Overweight (1.00–1.99) 117.6 97.7 (33.5–445.6) 49.2 51 (14–107) 49.4 51.6 (13.1–99.1) 42.0 37.7 (7.5–89.1)
Obese (2.00–2.99) 79.5 65.9 (30.0–169.3) 47.9 49 (15–110) 48.6 50.53 (12.4–98.8) 41.0 41.64 (8.0–91.6)
Morbidly obese (>3.00) 46.1 39.1 (22.8–116.7)* 33.7 31 (10–65) 34.2 32.22 (10.8–64.9) 27.3 24.7 (6.8–60.9)
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16. After evaluating the PK model initially developed in Part 
1 to the data from Part 2, significant bias and imprecision 
were not detected. The MPPE and MAPE values were below 
15%, which was considered acceptable.

We found that the degree of obesity had a significant 
effect on the pharmacokinetics of 25(OH)D. The average 
25(OH)D concentrations decreased with progressively 
higher BMI z-scores, suggesting that children with severe 
obesity (BMI z-scores > 3) may need higher dosing to 
achieve 25(OH)D concentrations ≥ 40 ng/mL. Specifically, 
the mean population-predicted 25(OH)D concentration in 
this subgroup was 33.7 ng/mL, below the ideal target of 
40 ng/mL. As the BMI z-score was included as a covariate, 
the PK model in this study could be used to conduct dosing 
simulations for individual patients to derive more precise 
dosing; however, the results may not be reliable in popula-
tions different from the study population (e.g., children who 
are not overweight/obese).

During PK model development, both weight and the BMI 
z-score were important covariates on weight and volume of 
distribution. We found that the 25(OH)D half-life decreased 
with an increasing BMI z-score. However, because we used 
fixed exponents to characterize the effect of the BMI z-score 
on clearance and volume of distribution, our estimated half-
lives may not be precisely estimated. Estimates of half-lives 
for 25(OH)D vary widely in the literature, from 14 to 21 days 
up to 111 days [18], consistent with the range observed in 
our study (46–117 days). Notably, 25(OH)D has widely vari-
able pharmacokinetics and is difficult to estimate because of 
potential differences in endogenous production and sunlight 
exposure, exogenous dietary intake, and adherence to vita-
min D supplementation, all of which could impact our PK 
parameter estimates. Additionally, vitamin D binding protein 
has been reported to be lower in obese versus non-obese 
patients, which could alter the amount of free drug available 
for clearance and potentially the half-life [30].

No major discrepancies were detected between the popPK 
models developed in Part 1 and after combining Part 1 and 
Part 2 PK data. However, there were some differences in 
the volume of the peripheral compartment going from 724 
to 169 L, which could be owing to the better characteriza-
tion of the distribution phase after obtaining high 25(OH)D 
concentration sample points and the consequent increment in 
IIV related to inter-compartmental clearance (% coefficient 
of variation: 121%). Reassuringly, the bootstrap analysis 
did not detect any inconsistencies in the popPK parame-
ters. After including weight in the popPK analysis, the IIV 
(expressed as % coefficient of variation) on Q/F reduced 
substantially from 120 to 96%, clearance from 63 to 61%, 
and BASE from 30 to 29%. This suggests that weight is an 
important covariate for vitamin D pharmacokinetics.

This PK study had limitations that should be consid-
ered. Our main endpoint for assessing response to oral 

supplementation was 25(OH)D concentrations. Though 
this endpoint is commonly accepted, there are other factors 
that affect free ‘bioavailable’ vitamin D that we did not col-
lect including serum albumin and vitamin D binding protein 
levels. Additionally, we did not collect pharmacogenetics of 
vitamin D metabolism genes (e.g., GC, VDR), which in some 
reports have been influential in vitamin D action. Though 
we did include seasonality in PK models, which can affect 
endogenous vitamin D production, we did not include geo-
graphic latitude.

We speculate that for patients with BMI z-scores > 3, 
an additional 1–2 weekly loading doses may be considered 
if rapidly achieving the target of 25(OH)D ≥ 40 ng/mL is 
of key importance. It is important to note that our study 
treated participants for 16 weeks and then discontinued sup-
plementation. Simulations showed that if daily treatment in 
the range of 8000 IU or higher is continued for up to a year, 
some participants are likely to reach 25(OH)D concentra-
tions of 100–150 ng/mL or higher. For this reason, clinicians 
should use caution with long-term treatment and consider 
periodic 25(OH)D evaluations. More research is needed in 
the area of vitamin D supplementation and the optimal long-
term regimen for children with obesity.

5  Conclusions

In this study, the majority of children (n = 32, 79%) receiving 
a single 50,000-IU loading dose of vitamin D plus 8000 IU 
daily achieved the target 25(OH)D concentration of 40 ng/
mL. A popPK model was developed using all data. The BMI 
z-score was found to be an important covariate of vitamin D 
pharmacokinetics, and there was an apparent decrease in the 
25(OH)D half-life with a progressively increased BMI z-score. 
Nevertheless, dosing simulations using the final PK model 
suggested that a single 50,000-IU loading dose plus 8000 IU 
daily is sufficient to achieve 25(OH)D concentrations (≥ 40 
ng/mL) in the majority of children aged ≥ 6 years who are 
overweight or obese. However, children with severe obesity 
(z-scores > 3) may need optimized dosing to achieve 25(OH)
D concentrations ≥ 40 ng/mL.
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