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Abstract
Objective: To perform per-protocol analysis of data obtained from the NICHD vitamin D pregnancy study 

published by Hollis et al., which found via intent-to-treat analysis that 4000IU/day vitamin D supplementation is safe 
and effective in achieving sufficiency in women and neonates. This study hypothesizes that differential adherence 
as examined by per-protocol analysis will affect the magnitude of differences in maternal and neonatal vitamin D 
status between treatment groups.

Study design: A double-blind, RCT of vitamin D supplementation (400, 2000 or 4000IU/day) in 350 Caucasian, 
African American and Hispanic women with singleton pregnancies was conducted. This study defines adherence 
as 75% and 85% of pills taken between visits and examines the effect of adherence on vitamin D status across 
treatment groups. The primary outcome, measured by radioimmunoassay, is maternal serum 25(OH)D throughout 
pregnancy, one month prior to delivery (PTD) and neonatal serum 25(OH)D at delivery.

Results: No statistically significant difference in maternal 25(OH)D throughout pregnancy, 1-month PTD, or 
neonatal 25(OH)D were found between 75% adherent participants and nonadherent participants regardless of 
supplementation. At 85% adherence, maternal 25(OH)D throughout pregnancy, one month PTD, and neonatal 
25(OH)D were significantly higher in the 4000IU group compared to nonadherent participants (p=0.0002, p=0.0074, 
p=0.0068, respectively). No significant differences were found with 400 or 2000IU supplementation regardless of 
adherence.

Conclusions: Participants 85% adherent to protocol and receiving 4000IU vitamin D were the only group that 
demonstrated significantly higher vitamin D status for each outcome: maternal 25(OH)D throughout pregnancy, 
1-month PTD and neonatal 25(OH)D. Compared to intent-to-treat, this powerful per-protocol analysis demonstrates 
the impact that nonadherence can have on study results and has implications for how clinical trial data are analyzed 
and presented.

Keywords: Pregnancy; Vitamin D; Radioimmunoassay; Menstrual 
period

Introduction
Since its Nobel prize worthy discovery in 1928, vitamin D research 

has lagged behind other similar essential compounds, in large part 
due to concerns about its toxicity to the human body [1]. More recent 
research, however, has shown that vitamin D and its active metabolites 
have various effects in the body that, in addition to its well-characterized 
skeletal effects, include immune modulation [2-4]. Studies involving 
diverse groups of individuals have shown that vitamin D plays a 
prominent role in health, including the health of pregnant women and 
their infants [5-14]. 

Since vitamin D supplementation has been shown to be beneficial 
during pregnancy, the question arose as to how much vitamin D 
should be administered to mothers to ensure benefits without the 
development of hypervitaminosis D. In a randomized controlled trial, 
350 women of African American, Caucasian, or Hispanic descent were 
randomized to receive 400, 2000, or 4000 IU of vitamin D per day 
starting at 12-16 weeks of gestation [7]. The research team found that 
4000 IU supplementation was the most effective dose regardless of race 
in bringing total circulating 25(OH)D concentrations to sufficiency, 
or above 80 nmol/L, as suggested by The Endocrine Society [15]. The 
analysis of the data was, however, performed as an intention-to-treat 
study rather than per protocol. In other words, the study did not look 
at only those women in the study who were adherent to the protocol 
set forth in the study, but rather all women enrolled regardless of 
whether or not they were compliant with the prescribed daily vitamin 

D supplement prescribed by the study. Therefore, the aim of this post 
hoc analysis was to analyze the existing data on a “per protocol” basis 
using pill count as a measure of adherence. The hypothesis of this 
study was that, upon analysis on a “per protocol” basis, the circulating 
25(OH)D concentrations would be significantly higher than those 
found using an intention-to-treat approach in both the 2000 and 4000 
IU supplementation groups.

Methods
Trial design

The original vitamin D supplementation trial was performed at a 
single center, the Medical University of South Carolina (MUSC), and 
was double blind, controlled, and randomized. Women who had not yet 
reached sixteen weeks gestation with a single pregnancy were allowed to 
participate in this study. 
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Participants

The study was conducted at MUSC in Charleston, South Carolina 
between January 2004 and July 2009 after approval from the IRB (HR # 
10727; clinical-trials.gov # NCT00292591)). Each mother in the study 
had to be at least sixteen years of age, as well as fewer than 16 completed 
weeks of gestation at the first visit. She also had to be able to give 
written consent to participate in the study and to receive her prenatal 
care in the Charleston area. The baseline 25(OH)D concentrations was 
taken at the first visit, and supplementation was started between weeks 
12 and 16 of pregnancy, as defined by maternal last known menstrual 
period. 

Exclusion criteria

Women who were beyond 16 weeks in their pregnancy were not 
allowed to participate, as well as those women who had preexisting 
parathyroid conditions, calcium conditions, or chronic hypertension. 
Women who had thyroid conditions but were on medication with 
hormone levels within the normal parameters were allowed to 
participate.

Study protocol

Gestational age at enrollment: Women were enrolled between 
12 and 16 weeks gestation, beginning at 12 0/7 weeks and ending at 
16 0/7 weeks. Age was determined by using the last known menstrual 
period and, if this was not known, the obstetrical estimate was used 
and verified at the twenty-week ultrasound. If the estimate was deemed 
incorrect, it was adjusted and all changes were documented. 

Initial and subsequent study visits: The initial visit consisted of 
consent followed by blood and urine samples to collect baseline total 
circulating 25(OH)D concentrations. Supplementation was never 
started earlier than 12 0/7 weeks, nor later that 16 0/7 weeks. The 
subsequent visits occurred monthly and coincided with obstetrical 
visits if care was provided at MUSC. For those patients seeking care 
outside of MUSC, the visits for the study were performed in addition 
to the obstetrical visits.

Completion of questionnaires: Upon consent for the study, 
questionnaires were completed with sociodemographic information, 
medical history, general health status, and diet. Interim questionnaires 
were completed at each visit regarding maternal health including 
updating current medications and analysis of recent doctor visits. The 
interim questionnaires assessed any adverse events experienced during 
the pregnancy as well as any illnesses experienced by the mother. Mode 
of delivery, birth weight, level of care provided to each newborn, and 
any adverse events were recorded.

Blood and urine samples: Maternal blood and urine samples were 
collected at each visit, and, when possible, umbilical cord blood was 
collected. If the umbilical cord blood was not available for collection, a 
sample was taken from the newborn within two days of birth prior to 
discharge and served as the surrogate value. 

Intervention

Multivitamin and vitamin D supplementation: All patients that 
were accepted into the study and supplemented between 12 and 16 
weeks gestation were randomized into either the 400, 2000, or 4000 IU 
group. The doses were given in two pills a day, one 400 IU multivitamin 
tablet, which was the current recommended daily dose of vitamin D 
for pregnant women. The other pill taken contained 3600 IU, 1600 IU, 
or 0 IU vitamin D3. 25(OH)D concentrations were monitored, and 

women with 25(OH)D below 100 nmol/L were eligible to participate 
in either the 400, 2000, or 4000 IU group. Those between 100 and 150 
nmol/L were limited to the 2000 or 400 IU groups, and those over 
150 nmol/L were specifically placed in the 400 IU arm of the study. 
400 IU was chosen to represent the then current recommendation; 
2000 IU to study the then current suggested upper limit of vitamin D 
supplementation, and 4000 IU was chosen based on prior pilot data 
that showed optimized vitamin D status in all mothers in this group by 
20 weeks’ gestation. 

Adherence to medication regimen: Women were considered 
compliant with the study if they had brought back their pill bottles 
at 3 of the 5 analyzed visits and had taken 75% of their pills between 
visits on average. Women who did not take at least 75% of their pills on 
average and had brought their pills back at less than 3 of the 5 analyzed 
visits were not included. If a woman missed one visit, the additional 
month supply of pills was mailed to her or delivered to her residence. 
Adherence in these cases was defined by measuring the total number 
of pills taken between the two visits. If a subject missed two visits, or 
at any point took fewer than fifty percent of her allotted pills for the 
month, she was exited from the study. 

Randomization: Stratified blocked randomization was used to 
balance by ethnicity and enrollment, the latter to prevent bias from the 
time of year the subject was enrolled.

A randomization scheme was developed separately for each of 
the three ethnic groups (i.e., the strata). Within each stratum, the 
treatments were assigned within blocks. Because there were three 
treatment groups, the block size had to be divisible by 3; the data team 
selected a block size of six, which was unknown to the investigators or 
the pharmacists. In this way, at the end of each block (i.e., enrollment of 
six subjects), each ethnic group was balanced in the number randomly 
assigned to the 400-, 2000-, and 4000-IU treatment groups. 

Sample size and power considerations

As described in the earlier publication of this study [7], the sample 
size was designed to detect a statistically significant increase in 25(OH)
D by 10 ng/mL between any two groups and was calculated to require 
a minimum of 32 patients per group at 90% power, alpha=0.05, two 
tailed tests for the primary analysis. This calculation assumed that the 
standard deviation of 25(OH)D measurements at a single time point 
was approximately 10, that there would be a low correlation (r=0.25) 
between the baseline and final measurements, and that a substantial 
proportion (up to 50%) of participants could be lost to follow-up due 
to moving, termination of care, or discontinuation of participation. 
Because the primary outcome-maternal and neonatal vitamin D status 
at or around the time of delivery, a prerequisite for inclusion in the 
final analysis was that the mother had to have had a livebirth and had 
to have been a study participate until the day of delivery. 

Statistical analysis

In this per protocol analysis, the main variables of interest were: 

(1) differences in mean maternal and infant total circulating 
25(OH)D concentration at the time of delivery between supplement 
groups (ANOVA); and 

(2) differences, between supplement groups, in the proportion of 
women achieving 25(OH)D of ≥ 80 nmol/L within one month and at 
the time of delivery (Chi-square). 

Area under the curve for 25(OH)D concentration was calculated 
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from the values of 25(OH)D from visit 3 (when 25(OH)D was at 
steady-state) until delivery. Secondary analyses employed Chi-square 
for categorical variables, ANOVA or Student’s t-test, as appropriate, 
for normally distributed variables (with the Bonferonni option for 
pair-wise analysis in ANOVA), and paired Student’s t-test for within 
group changes from baseline to delivery. Analyses were conducted 
using SAS statistical software (version 9.4; SAS Institute, Cary, NC). 
Statistical significance was determined by comparing two-sided 
p-values to alpha=0.05.

Results
Study population

Figure 1 shows enrollment of women who participated in the trial. 
The selection process began by interviewing 516 women, of whom 502 
consented to the study. These 502 were then further allocated to one of 
three treatment groups: 166 to the 400-IU group, 167 to the 2000-IU 
group, and 169 to 4000-IU group. There were 23 women in the initial 
502 consenting women who had 25(OH)D concentrations of greater 
than 100 nmol/L and were thus ineligible for enrollment in the 4000-
IU group. This group of 23 women consisted of 2 African American, 6 

Hispanic, and 15 Caucasian. Of those, 12 were enrolled into the 400-IU 
group, 10 were enrolled into the 2000-IU group, and 1 was enrolled in 
the 4000-IU group (the latter being a protocol deviation early in the 
study where one woman with a baseline 25(OH)D concentration of 41 
ng/mL was randomized to the 4000- IU group). 

After allocation into treatment groups, there were no statistically 
significant differences among the groups who continued in the study 
through delivery, those who dropped out, or those who experienced 
pregnancy losses. In all, 350 women who continued in the study through 
delivery were analyzed in the original study published in 2011. For the 
per protocol analyses, the total number of subjects was as follows: 77 
in the 400 IU group, 79 in the 2000 IU group, and 86 in the 4000 IU 
group. There were no statistically significant difference found between 
the three groups upon initial analysis, and those that were excluded 
from analysis were excluded due to insufficient pill count data. Figure 1 
below represents this information.

Study outcomes

Figure 2 demonstrates that when mothers are compared at 75% 
adherence to the study protocol, there are no statistically significant 

Figure 1: Consort diagram of per protocol pregnancy study. IU=International Units. 
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differences in total circulating 25(OH)D concentrations throughout 
pregnancy between those who were and were not 75% adherent in 
the 400 IU, 2000 IU, or 4000 IU groups. The same results were found 
when comparing the 75% adherent subjects to the non-adherent 
subjects within the 400 IU, 2000 IU, and 4000 IU groups in regard to 
the mother’s circulating 25(OH)D concentration at one month before 
delivery and the neonatal cord blood 25(OH)D concentration. Finally, 
the figure shows no significant data was found when comparing 
neonatal vitamin D levels among the three treatment groups. Using the 
definition of adherence used in this study at 75% of supplement taken 
over the course of the study, Figure 2 shows no significant differences 
between those who were and those who were not adherent. 

The data were then further analyzed, using 85% pill count to define 

adherence. When comparing subjects who were and were not 85% 
adherent to the study protocol within treatment groups, there were 
statistically significant differences in maternal circulating 25(OH)D 
one month before delivery and, in 25(OH)D concentrations across 
pregnancy in the 4000 IU group. In addition, in the 4000 IU group, 
neonatal circulating 25(OH)D concentrations were higher for infant 
of the women who were 85% adherent. Images for the findings are 
presented in Figure 3.

Discussion
The 2011 publication by Hollis and Wagner et al. reported a 

significant increase in total circulating 25(OH)D and vitamin D levels 
throughout pregnancy as well as maternal 25(OH)D one month before 

Figure 2: Outcome data for each treatment group, 75% adherent vs. non-adherent. 

Figure 3: Outcome date for each treatment group, 85% adherent vs. non-adherent. 
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delivery and initial newborn 25(OH)D levels in those mothers given 
the 4000 IU supplement when compared to the 2000 IU or 400 IU 
groups [7]. The aim of this post hoc analysis was to reproduce those 
results using a per protocol rather than intention-to-treat analysis. The 
first step in this process was to define adherence to the study protocol, 
which was defined by cumulative pill count. The data analysis using 
75% adherence did not yield statistically significant differences when 
comparing those who were and were not adherent in the 400, 2000, or 
4000 IU groups across all vitamin D variables analyzed. When analyzed 
using a higher adherence rate of 85%, statistically significant differences 
in maternal and neonatal vitamin D status within the 4000IU treatment 
groups were noted. 

In each case, the adherent 4000 IU women had significantly higher 
vitamin D concentrations than the non-adherent women. Initial 
newborn 25(OH)D concentration was also higher in the adherent 
group compared to the non-adherent group when an adherence rate 
of 85% was used.

This study was limited by a few factors. First, all women 
selected to participate were in Charleston, South Carolina or at 
least had medical care at the Medical University of South Carolina. 
Furthermore, in selecting only those who followed the treatment 
protocol, the study may have introduced selection bias, although 
randomization and double blinding attempted to limit this bias as 
much as possible. Another limitation was, due to the long duration 
of the trial, some subjects were inevitably lost to follow up or 
transferred care to another facility. While the populations in each 
group were found to be large enough to compare, one could argue 
that a larger population sample size would be desirable and thus 
limited the study’s generalizability.

Conclusion 
This randomized controlled trial of vitamin D supplementation 

during pregnancy, intent-to-treat analyses may underestimate 25(OH)
D concentrations achieved by those who were adherent to the study 
protocol. Such differences in adherence could ultimately affect dosing 
recommendations.
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