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A B S T R A C T

Background: Randomised trials have shown that pregnancy vitamin D supplementation results in greater 
offspring bone mineral density (BMD) in childhood. The effect of this intervention on bone microarchitecture, a 
further determinant of bone strength, and possible interactions with genetic variation in vitamin D metabolism, 
have not previously been investigated. We investigated these in a post hoc analysis of a randomised controlled 
trial.
Methods: MAVIDOS was a randomised placebo-controlled trial of 1000 IU/day cholecalciferol from 14 to 17 
weeks' gestation until delivery. Offspring tibial bone microarchitecture was assessed at age 6–7 years using high 
resolution peripheral quantitative computed tomography (HR-pQCT; Stratec Xtreme CTII). Maternal and child 
genotype at four single nucleotide polymorphisms (SNPs) [rs12785878 (DHCR7), rs10741657 (CYP2R1), 
rs6013897 (CYP24A1), rs2282679 (GC)] was determined using serum samples.
Differences in bone microarchitecture by randomisation were assessed using linear regression, and additionally 
across clusters of bone microarchitecture phenotypes generated using cluster analysis approaches.
Results: 222 children (placebo n = 110, cholecalciferol n = 112) were included. No significant differences in 
cross-sectional area, cortical thickness or porosity, trabecular thickness or number, or volumetric BMD (total, 
cortical or trabecular) were found using linear regression, and there was no interaction with either maternal or 
offspring SNP genetic variants.
Three phenotypic bone clusters were generated. Differences in child anthropometry were evident across clusters, 
but the proportion of mothers randomised to cholecalciferol was similar across the clusters (p = 1.0).
Conclusion: In this subset of children born to mothers participating in a trial of vitamin D supplementation in 
pregnancy, no effect of the supplementation on tibial microarchitecture was observed.

1. Introduction

Randomised controlled trials have suggested that antenatal vitamin 
D supplementation results in greater offspring areal bone mineral den
sity (BMD) measured by dual-energy X-ray absorptiometry (DXA) [1–4]. 
In the MAVIDOS trial, we observed a 0.18 standard deviation (SD) 

greater whole-body-less-head (WBLH) BMD at 6–7 years in offspring 
born to mothers randomised to 1000 IU/day cholecalciferol from 14 to 
17 weeks gestation until delivery, compared to placebo [1] with a 
similar effect size being observed in the Copenhagen Prospective Studies 
on Asthma in Childhood 2010 cohort (COPSAC2010) albeit using a higher 
dose of vitamin D supplementation (2800 IU/day) and started later in 
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pregnancy [2]. O'Callaghan et al. did not identify an effect of pregnancy 
vitamin D supplementation in women in Bangladesh on offspring BMD 
at 4 years of age [5]. Differences in study design, geographical location 
and age at follow-up of the published trials however limit dose-response 
assessments [3].

Low BMD is associated with increased fracture risk in both children 
and adults [6–9]. Whilst the existing intervention studies of vitamin D 
supplementation in pregnancy do not have sufficient power to demon
strate a positive effect on fracture risk in childhood (although a 
borderline lower incidence of fractures was observed in the COPSAC2010 
study [10]), if such an effect on BMD were maintained to peak bone 
mass, it would have a beneficial effect on long-term skeletal health and 
fracture risk [11].

Geometric and microarchitectural properties of bone are also asso
ciated with fracture risk. These can be assessed using high resolution 
peripheral quantitative computed tomography (HR-pQCT). Farr et al. 
demonstrated that children with a recent distal forearm fracture had 
bones with thinner cortices and reduced trabecular number compared to 
non-fracturing controls [12]. Similar findings have been demonstrated 
in adults [13,14].

Data from one observational cohort suggested that maternal 25- 
hydroxyvitamin D [25(OH)D] status during pregnancy is associated 
with offspring bone geometry. Viljakainen et al. found greater tibia 
cross-sectional area measured by (low resolution) peripheral quantita
tive computed tomography in offspring born to mothers with 25(OH)D 
above the median for the cohort (group mean 55 nmol/l) compared to 
below the median (group mean 36 nmol/l) in the neonatal period [15]
and persisting at 14 months of age [16]. However, the effect of antenatal 
vitamin D supplementation on offspring microarchitecture using HR- 
pQCT or in an intervention trial has not been previously investigated.

Furthermore, the effect of pregnancy vitamin D supplementation on 
maternal and offspring serum 25(OH)D status may be modified by ge
netic variation. Common single nucleotide polymorphisms (SNP) in 
genes within the vitamin D metabolism pathway, including DHCR7, 
CYP2R1, and GC (encoding for 7-dehydrocholesterol reductase, vitamin 
D 25-hydroxylase and vitamin D-binding protein, respectively), have 
been associated with serum 25(OH)D levels in pregnant women and the 
response to vitamin D supplementation [17,18]. It remains unexplored, 
however, whether such genetic variation in the mother and/or offspring 
interacts with pregnancy vitamin D supplementation in determining 
offspring health outcomes, such as BMD or bone microarchitecture.

The aims of this study were therefore to (1) assess the effect of 
pregnancy vitamin D supplementation on offspring bone micro
architecture and volumetric BMD (vBMD) and (2) to explore whether 
common genetic variation in the form of SNPs in the vitamin D meta
bolism pathway of either the mother and/or offspring interacts with the 
effects of vitamin D supplementation on these outcomes.

2. Methods

MAVIDOS was a randomised double-blind placebo-controlled trial of 
1000 IU/day cholecalciferol from 11 to 14 weeks gestation until de
livery. The full study protocol has previously been published [19]. 
Briefly, inclusion criteria were adult females attending early pregnancy 
ultrasound screening at University Hospital Southampton NHS Foun
dation Trust, Oxford University Hospitals NHS Foundation Trust, or 
Sheffield Hospitals NHS Trust, with a singleton pregnancy less than 17 
weeks gestation, and a baseline serum 25(OH)D measured on the local 
hospital platform of 25–100 nmol/l. Exclusion criteria included women 
with known metabolic bone disease, renal calculi, hyperparathyroidism, 
hypercalciuria, or recent cancer diagnosis, those with any fetal anom
alies or taking medication that may affect fetal growth. All participants 
were allowed to continue taking vitamin D supplements up to 400 IU/ 
day; women wanting to continue taking >400 IU/day vitamin D sup
plementation were excluded.

The participants were randomised in a 1:1 ratio to either oral 

cholecalciferol 1000 IU/day or placebo from 14 to 17 weeks gestation 
until delivery. Standard antenatal care by blinded healthcare pro
fessionals continued throughout the pregnancy.

Questionnaire assessments of health, lifestyle and nutrition and 
maternal anthropometry occurred at randomisation and again at 34 
weeks gestation. Maternal venous blood samples (collected at random
isation and 34 weeks), and umbilical cord blood (collected at delivery) 
were stored at − 80 ◦C and analysed by chemiluminescence immuno
assay for 25(OH)D (Liaison automated platform, Diasorin).

2.1. Offspring follow-up

Children born to women recruited in Southampton were invited to 
take part in the offspring follow-up phases at birth, 1, 2, 4 and 6–7 years 
[1,4,20]. Duration of breast feeding was established during interviewer- 
led questionnaires at 1 and 2 years of age. This analysis focused on data 
collected at age 6–7 years.

2.1.1. 6–7 year follow-up
At age 6–7 years, milk intake, use of vitamin D supplementation, 

physical activity, and medical diagnoses were established by an 
interviewer-administered questionnaire. Standing height was measured 
using a portable stadiometer (Leicester height measurer, Seca Ltd., 
Birmingham, UK), to the nearest 0.1 cm. Weight was measured in light 
clothing using calibrated electronic scales (Seca Ltd., Birmingham, UK) 
to the nearest 0.1 kg. Height, weight and body mass index (BMI) z-scores 
for age and sex were calculated using British reference data [21,22].

Whole body and lumbar spine DXA scans were obtained using a 
Hologic Discovery instrument (Hologic Inc., Bedford, MA) in paediatric 
scan mode. Outcomes of interest were bone area (BA), bone mineral 
content (BMC), BMD, and bone mineral apparent density (BMAD) [23]
for WBLH [24] and lumbar spine. Two researchers masked to treatment 
allocation reviewed the scans and those with substantial movement 
artefact affecting the whole body and/or both legs/both arms (n = 82) 
were excluded. In scans with movement artefact in one limb, the region 
of interest of the unaffected limb was transposed into the limb with 
movement artefact. The DXA instrument underwent daily calibration 
using a spine phantom. The experimental coefficient of variation for this 
instrument when a spine phantom was repeatedly scanned in the same 
position 16 times, in a single session with no repositioning, was 0.68%.

A sequential subset of the children in Southampton had tibial HR- 
pQCT (Stratec Xtreme CTII). Measurements were taken from the non- 
dominant distal tibia except if it had previously been fractured, in 
which case the dominant side was scanned. This allowed acquisition of a 
stack of parallel CT slices using a two-dimensional detector array. A total 
of 110 slices were obtained for each child which represented a volume of 
bone 9 mm in axial length with a nominal resolution (voxel size) of 82 
μm. The scanned limb was immobilized during the examination in a 
carbon fibre cast. Antero-posterior 2D scout views were performed to 
define the anatomic reference line (tibial plafond) and the region of 
interest for scanning was the 8% site of the distal tibia. All scans were 
acquired by one of two trained technicians. Each scan image was 
assessed for motion artefact by a trained technician using a 5-point scale 
(1, excellent; 2, good; 3, acceptable; 4, poor; 5, unacceptable) [25]. Only 
images with quality grades 1 to 3 (n = 222) were included in the anal
ysis. HR-pQCT variables assessed were total vBMD, cortical vBMD, 
trabecular vBMD, trabecular number, trabecular thickness, cortical 
thickness, cortical porosity and total cross-sectional area (CSA). The 
season in which the HR-pQCT scans were performed was reported 
following the UK Meteorological Office classification, as winter 
(December to February), spring (March to May), summer (June to 
August), and autumn (September to November).

2.2. Genotyping

Maternal and offspring genotyping was undertaken by LGC 
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Genomics (Hoddeston, UK) using KASP competitive allele-specific po
lymerase chain reaction. SNPs selected for analysis (rs12785878 
(DHCR7), rs10741657 (CYP2R1), rs6013897 (CYP24A1), and 
rs2282679 (GC)) were based on the findings of a previous genome wide 
association study [26].

2.3. Statistical analysis

This analysis was limited to the subset of children for whom a 
useable HR-pQCT image (quality grade 1–3) was available. Only chil
dren aged between 6.0 and 8.1 years at the follow-up were include, a 
range selected to accommodate delays in attendance caused by the 
COVID-19 pandemic. Whilst the aim of this analysis was to assess the 
effect of pregnancy vitamin D supplementation on offspring bone 
microarchitecture assessed using HR-pQCT, comparison of DXA out
comes (BA, BMC, BMD and BMAD) in this subset was undertaken to 
establish consistency with the previously reported analysis of these 
outcomes in the full cohort . Between-group comparisons of maternal 
characteristics for children included versus not included in this analysis, 
and the effects of pregnancy vitamin D supplementation on bone out
comes were performed using t-tests, Mann-Whitney U tests and Chi- 
squared tests for normally distributed continuous, non-normally 
distributed continuous and categorical variables, respectively. Results 
are presented as mean (standard deviation (SD)), median (interquartile 
range (IQR)) and n (%), respectively.

HR-pQCT and DXA variables were subsequently standardised using a 
Fisher-Yates transformation to enable comparison of effect sizes be
tween outcomes. Linear regression was used to assess the effect of 
pregnancy cholecalciferol on standardised HR-pQCT and DXA outcomes 
in adjusted models: Model 1 included the child's sex and age to improve 
the precision of the estimates, model 2 additionally included height and 
weight, based on literature showing that these factors may affect BMD 
and bone microarchitecture [9,27,28] and model 3 also included dura
tion of breastfeeding, as this may be associated with increased bone 
mass [29] and was found to differ between the two groups. In a sensi
tivity analysis infants born preterm (gestational age < 37 weeks n = 14) 
were excluded from the analysis to include only those children that had 
full exposure to the study intervention. As previous observational work 
has suggested that the associations between maternal 25(OH)D status 
and offspring bone outcomes may differ by sex [30], we assessed for an 
interaction between maternal randomisation and offspring sex.

To further explore bone microarchitecture, and given that micro
architectural parameters may not be mutually independent, cluster 
analysis was used to identify clinical phenotypes of bone micro
architecture. To increase the precision of the cluster generation, HR- 
pQCT variables were adjusted for age and sex using linear regression 
before inclusion in the cluster models. Each HRpQCT parameter was 
regressed on age and sex, and individual values were then adjusted by 
removing the portion attributable to deviations in these covariates from 
their sample means. This produced values for each HRpQCT parameter 
that were standardised to the average age and sex of the cohort. Suc
cessful adjustment was confirmed by verifying that regressing the 
adjusted variables on age and sex yielded coefficients close to zero. K- 
means partitioning was then used to generate 3 clusters based on the 
following age- and sex-adjusted HRpQCT variables: total vBMD, cortical 
vBMD, trabecular vBMD, trabecular number, trabecular thickness, 
cortical thickness, cortical porosity and total CSA. The number of clus
ters selected (n = 3) was based on the distinctiveness of the clusters, 
according to the Calinski/Harabasz pseudo-F statistic, and on the po
tential for identifying interpretable clusters with contrasting phenotypes 
between clusters [31]. χ2 and one-way ANOVA were used to assess 
differences between clusters for demographic, anthropometric and HR- 
pQCT variables, and to assess the relative distribution of randomisation 
to the study intervention.

Statistical interactions between maternal/offspring SNP genotypes 
and randomisation group (placebo vs cholecalciferol), were assessed for 

each HR-pQCT variable using additive linear regression models [32]. 
For each HR-pQCT variable, models included randomisation group 
(placebo vs cholecalciferol), SNP genotype (entered as a categorical 
predictor), and a genotype×randomisation group interaction term, with 
adjustment for age at assessment and sex. Each SNP variant was ana
lysed separately. Given the exploratory nature of these analyses and the 
large number of correlated tests, results were considered of interest if p 
< 0.01. All analyses were performed in Stata v18.0 (StataCorp, College 
Station, TX).

3. Results

3.1. Study participants

Of 1449 women who agreed to baseline blood screening for eligi
bility to take part in the study, 1134 were randomised to placebo (n =
569) or cholecalciferol (n = 565). 965 women remained in the study 
until delivery, of which 767 (79%) gave birth in Southampton (Fig. 1).

The 6–7 year follow up was attended by 494 children, of whom 311 
(63%) had an HR-pQCT scan. Eighty-two scan images (26% of those 
with an HR-pQCT image) could not be included due to poor quality and 
a further 7 participants were not suitable for inclusion (Fig. 1). Thus, 
HR-pQCT data for 222 children (placebo n = 110 and cholecalciferol n 
= 112) were included (Fig. 1); those included were born to mothers who 
were, on average, older at randomisation, less likely to smoke, more 
likely to be of White ethnicity and more highly educated than those who 
were not included in this analysis (Supplementary Table 1).

Maternal age, parity, ethnicity, smoking, educational achievement 
and BMI were similar at randomisation between the two cholecalciferol 
and placebo groups (Table 1). Maternal 25(OH)D was similar at ran
domisation (Table 1), but as expected, was greater in late pregnancy in 
the women randomised to cholecalciferol (placebo: median 42 nmol/l 
(IQR 28, 57), cholecalciferol: median 69 nmol/l (IQR 56, 83), p < 0.01)).

The children in the placebo and cholecalciferol groups had similar 
age, height, weight and BMI z-scores for age and sex at the 6–7-year 
follow-up visit (Table 2). The children in the cholecalciferol group were, 
on average, breastfed for longer (placebo: median 3 months (IQR 0–7), 
cholecalciferol: median 6 months (IQR 1–12) p = 0.004). There was no 
difference in distribution of HR-pQCTs across the four seasons by ran
domisation group (Table 2).

3.2. HR-pQCT and DXA

Table 3 shows the HR-pQCT and DXA outcomes in their original units 
by randomisation group for this subset of children. Whilst there were no 
statistically significant differences between the two groups in bone 
microarchitecture, cortical vBMD appeared numerically greater in the 
children born to mothers randomised to cholecalciferol (placebo: 735 
mg/cm3 (IQR 716, 759), cholecalciferol: mean 745 mg/cm3 (IQR 722, 
744), p = 0.07).

In adjusted analysis, similarly there were no differences in bone 
microarchitecture or vBMD between the two groups (Table 4), although 
cortical vBMD remained numerically greater in the cholecalciferol 
group. Notably, a difference in WBLH BMD was observed between the 
two groups in fully adjusted analysis (β = 0.15 SD 95% CI [− 0.01 to 
0.30]). This was of similar magnitude to that observed in the analysis of 
the full cohort of children with DXA at age 6–7 years [1], with the effect 
on cortical vBMD being of similar effect size but not reaching statistical 
significance (β = 0.19 SD 95% CI [− 0.08 to 0.46]). There was no sig
nificant interaction between offspring sex and maternal randomisation 
on the HR-pQCT outcomes.

In sensitivity analysis excluding 14 children born preterm, the 
findings were unchanged (Supplementary Tables 2–3).

3.2.1. Genotype-intervention interaction
The distribution of the SNPs in the cohort included in the analysis 
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was similar between the two randomisation groups (Supplementary 
Table 4). There was no evidence of any statistically significant interac
tion of intervention and genotype (in either the mother or offspring) on 
offspring HR-pQCT variables (data not shown, p > 0.05 for all). Strati
fied analyses by SNP genotype were therefore not performed.

3.3. HR-pQCT phenotypes by cluster analysis

Three bone microarchitecture phenotypes were generated using 

cluster analysis (Table 5). There were differences in anthropometry 
between the phenotypes, such that children in cluster 1 were the shortest 
and lightest for age and sex and had the lowest vBMD (cortical, 
trabecular and total). Children in cluster 2 were the tallest and heaviest 
for age and sex, with the largest bone CSA. Height and weight z-scores 
for cluster 3 were greater than those for cluster 1 but smaller than those 
for cluster 2. Children in cluster 3 also had the smallest bone CSA but 
greatest cortical thickness and highest vBMD (cortical, trabecular and 
total). Maternal randomisation to placebo or cholecalciferol did not vary 

Fig. 1. Participant flow chart.
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between the clusters (Table 5).

4. Discussion

This study assessed the effect of 1000 IU/day pregnancy cholecal
ciferol supplementation compared to placebo on offspring tibia bone 
microarchitecture at age 6–7 years in follow-up of a randomised 
controlled trial. There was little statistical evidence of an effect of this 
intervention on HRpQCT outcomes, despite evidence of a positive effect 
on WBLH BMD assessed by DXA.

In a previously reported follow-up of the MAVIDOS cohort at 6–7 
years, we demonstrated evidence of a positive effect of pregnancy 
vitamin D supplementation on offspring WBLH BMD assessed by DXA . 
This finding was replicated in the subset of children included in this 
analysis. Similarly, in the COPSAC2010 study, evidence of a positive ef
fect on offspring WBLH BMD, assessed by DXA at age 6 following 
maternal supplementation with 2800 IU/day cholecalciferol from mid- 
pregnancy compared with 400 IU/day, was identified [10]. To date, 
no other randomised controlled trials have evaluated the effect of 
maternal vitamin D supplementation in pregnancy on offspring bone 
microarchitecture. In contrast to the findings of an observational study 
of maternal vitamin D status in pregnancy and offspring bone geometry 
assessed by pQCT [15,16], we did not identify an effect of pregnancy 
vitamin D supplementation on offspring bone CSA, nor other micro
architectural parameters. However, it is possible that this reflects the 
small sample size as HR-pQCT data was only available for a subset of the 
children. This was due to the introduction of this scan to the data 
collection protocol after the follow-up phase had begun, a technical 
issue with the HR-pQCT instrument during the follow-up phase, and a 
significant number with poor-quality images due to extreme sensitivity 
of the instrument to movement. Indeed, the effect size demonstrated by 
the beta coefficient for cortical vBMD was similar to WBLH BMD, albeit 
with larger confidence intervals. Interestingly, this finding is consistent 
with that of a study in children aged 10 to 12 years old (n = 193) that 
demonstrated the children with vitamin D deficiency (<25 nmol/l) had 
lower radial and tibial cortical vBMD measured by pQCT than those with 
vitamin D insufficiency (26–40 nmol/l) and sufficiency (>40 nmol/l) 
[33]. A study of adolescents in Hong Kong similarly found that serum 25 
(OH)D was positively associated with cortical vBMD in girls, as well as 

Table 1 
Maternal characteristics at randomisation for the children who had HR-pQCT, 
by randomisation group.

Maternal characteristic Placebo 
n = 110

Cholecalciferol 
n = 112

P 
valuea

Age (years), mean (SD) 104 31 (5) 105 31 (5) 0.78
Nulliparous, n (%) 104 49 (47) 105 46 (44) 0.63
White ethnicity, n (%) 104 101 (97) 103 99 (96) 0.69
Smoking, n (%) 104 5 (5) 104 5 (5) 1.00
Weight (kg), median (IQR) 104 71 (65, 

83)
105 68 (60, 

80,)
0.07

BMI (kg/m2), median (IQR) 104 26 
(23,30)

105 25 (22, 
29)

0.59

Strenuous exercise at least 
once per week, n (%)

94 14 (15) 93 19 (20) 0.49

Educational attainment at 
least A level, n (%)

103 84 (82) 105 91 (87) 0.45

Milk consumed (pints/day), 
median (IQR)

90 0.5 (0.3, 
1.0)

92 0.5 (0.3, 
1.0)

0.65

Serum 25(OH)D (nmol/l), 
median (IQR)

109 43 (32, 
52)

112 45 (35, 
55)

0.28

a P values were obtained from t-tests (normally distributed continuous vari
ables), Mann-Whitney U (non-normally distributed continuous variables) or χ2 

(categorical variables).

Table 2 
Characteristics of the offspring at 6–7 years, by randomisation group.

Baseline infant and child 
characteristic

Placebo  
n = 110

Cholecalciferol 
n = 112

P 
valuea

Age (years), mean (SD) 110 7.0 (0.5) 112 7.0 (0.5) 0.71
Male sex, n (%) 110 60 (55) 112 58 (52) 0.68
Height (cm), mean (SD) 106 124.0 (5.7) 106 123.2 (5.8) 0.30
Height z-score (SD), mean 

(SD)
106 0.44 (0.93) 106 0.31 (0.96) 0.35

Weight (kg), median (IQR) 106
24.3 (21.9, 
28.0) 106

23.7 (21.3, 
26.6) 0.19

Weight z-score (SD), mean 
(SD) 106 0.41 (1.0) 106 0.20 (0.99) 0.13

BMI (kg/m2), median (IQR) 106
15.8 (14.8, 
17.0)

106
15.4 (14.8, 
16.6)

0.29

BMI z-score (SD), mean 
(SD)

106 0.21 (1.08) 106 0.02 (0.98) 0.28

Age last breast fedb

(months), median (IQR) 108 3 (0, 7) 108 6 (1,12) 0.004

Milk consumption (pints/ 
day), 
median (IQR)

106 0.5 (0.4, 
0.8)

107 0.5 (0.3, 
0.7)

0.74

Use of vitamin D 
supplements, 
n (%)

102 37 (36) 98 44 (45) 0.21

Season of HR-pQCT scan, n 
(%) 
Autumn 
Spring 
Summer 
Winter

110
29 (26) 
19 (17) 
23 (21) 
39 (35)

112
33 (29) 
25 (22) 
22 (20) 
32 (29)

0.62

a P values were obtained from t-tests (normally distributed continuous vari
ables), Mann-Whitney U (non-normally distributed continuous variables) or χ2 

(categorical variables)
b Established from questionnaires completed at 1 and 2 years of age.

Table 3 
HR-pQCT and DXA results for placebo and cholecalciferol groups at 6–7 years.

HR-pQCT Placebo Cholecalciferol P 
valuea

Total vBMD (mg/cm3), 
median (IQR)

101 282 (257, 
304),

106 280 (264, 
304)

0.75

Cortical vBMD (mg/cm3), 
median (IQR)

105 735 (716, 
759)

104 745 (722, 
774)

0.07

Trabecular vBMD (mg/cm3), 
median (IQR)

101 168 (155, 
189)

106 171 (156, 
185)

0.99

Trabecular number (mm− 1), 
median (IQR)

101 2.0 (1.8, 
2.1)

106 2.0 (1.8, 
2.1)

0.47

Trabecular thickness (mm), 
mean (SD)

101 0.07(0.01) 106 0.07 
(0.01)

0.68

Cortical thickness (mm), 
mean (SD)

105 1.0 (0.2) 104 1.0 (0.2) 0.89

Cortical porosity (%), mean 
(SD)

105 6.3 (1.9) 104 6.0 (1.8) 0.18

Total Cross-sectional Area 
(CSA) (mm2), median 
(IQR)

101 331 (287, 
377)

106 332 (292, 
368)

0.79

DXA
Whole-body-less-head (WBLH)
BA (cm2) mean (SD) 108 948 (61) 108 953 (73) 0.61
BMC (g), mean (SD) 109 565 (79) 110 566 (82) 0.95
BMD (g/cm2), mean (SD) 108 0.59 

(0.05)
108 0.59 

(0.05)
0.78

BMAD (g/cm3), mean (SD) 108 0.019 
(0.001)

108 0.019 
(0.001)

0.89

Lumbar spine (LS)
BA (cm2), mean (SD) 109 31 (4) 110 30 (4) 0.18
BMC (g), mean (SD) 108 20 (4) 109 20 (4) 0.48
BMD (g/cm2), mean (SD) 108 0.65 

(0.06)
109 0.66 

(0.06)
0.54

BMAD (g/cm3), mean (SD) 108 0.25 
(0.03)

112 0.26 
(0.03)

0.24

a P values were obtained from t-tests (normally distributed continuous vari
ables) or Mann-Whitney U (non-normally distributed continuous variables)
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cortical area, cortical thickness and total vBMD in both sexes [34].
We found no difference in the distribution of randomisation to pla

cebo or cholecalciferol amongst the three bone phenotypes generated by 
cluster analysis. Differences in anthropometric measures of the children 
were however apparent between the bone phenotypes, highlighting the 
complex interactions between growth and adiposity on bone structure 
and BMD. Cross-sectional data has been used to demonstrate higher 
DXA-measured BMC and BMD in overweight and obese children, 
compared to healthy weight children [35], likely due to increased 
muscle mass and greater mechanical loading [36]. Lean mass, rather 
than fat mass, is a key contributor to increased bone strength and 

optimised bone microarchitecture (increased cortical area and thickness 
and trabecular density) [35], though at weight-bearing sites, like the 
tibia, excess fat may also contribute to loading effects [36]. Singhal et al. 
previously showed a positive association between tibia CSA and body 
weight in adolescent and young adult females [37]. Similarly, in our 
study, children in cluster 2 (the tallest and heaviest for age and sex) also 
had the largest total bone CSA. In contrast to our findings, Singhal et al. 
found that body weight was positively associated with vBMD (total and 
trabecular) and several studies have shown higher trabecular vBMD in 
overweight and obese children [38,39]. In our cohort, vBMD was 
highest in the group with more average height and weight for age and 
sex. Our cohort were prepubertal, and therefore the interplay between 
pubertal bone mineral acquisition, growth and body size and composi
tion could account for these differences. Overall, the much larger effect 
of body size on bone microarchitecture may mask a potentially modest 
effect of pregnancy vitamin D. Similarly, other post-natal influences on 
bone development such as physical activity and diet could mask the 
effect of the intervention.

As we have previously demonstrated a SNP in each of CYP2R1 (25 
hydroxylase) and GC (vitamin D binding protein) were associated with 
the 25(OH)D response to 1000 IU/day cholecalciferol in pregnancy, we 
hypothesised that these SNPs may interact with the intervention in 
determining the bone outcomes, through an effect on maternal and/or 
umbilical cord 25(OH)D [17,18]. In this subset of participants, the dis
tribution of the maternal genotypes was very similar to that of the larger 
trial dataset [18]. However, no significant interactions were identified, 
perhaps reflecting the wide variation in maternal 25(OH)D status across 
the cohort and overlap between the two treatment groups, and the 
modest sample size which may be insufficient to detect a significant 
effect. Future research could consider stratification by clusters of 
maternal genotypes associated with low and high responsiveness to 
vitamin D supplementation [41]. The small sample size with successful 
HR-pQCT imaging limited the use of multi-SNP approaches such as 
polygenic risk scores though exploration of this in larger datasets may 
have been potentially informative given that BMD is a highly polygenic 
trait.

These findings therefore would not support the use of personalised, 
genotype-directed vitamin D supplementation to optimise offspring 
bone health. The limited sample size and small number of biologically 
relevant variants meant that multi-SNP approaches such as polygenic 
risk scores could not be applied, though these may have been potentially 
informative given that BMD is a highly polygenic trait [42]. Whilst 
exploration in larger study cohorts would further the understanding of 
the mechanistic effects of pregnancy vitamin D supplementation on 
offspring BMD, the low cost and few identified risks of moderate-high 
dose vitamin D supplementation would likely not make such an 

Table 4 
Effect of 1000 IU/day cholecalciferol in pregnancy compared with placebo on HR-pQCT and DXA z-scores at age 6–8 years.

Model 1 adjusted for age and sex Model 2 adjusted for age, sex, weight and 
height

Model 3 adjusted for age, sex, weight, height and 
age when stopped breastfeeding

N β (95% CI) P value N β (95% CI) P value N β (95% CI) P value

HR-pQCT
Total vBMD (SD) 207 0.06 (− 0.21, 0.33) 0.67 198 0.03 (− 0.24, 0.31) 0.82 195 0.03 (− 0.25, 0.32) 0.81
Cortical vBMD (SD) 209 0.25 (− 0.02, 0.51) 0.07 199 0.23 (− 0.03, 0.49) 0.09 195 0.19 (− 0.08, 0.46) 0.17
Trabecular vBMD (SD) 207 − 0.01 (− 0.28, 0.26) 0.93 198 − 0.01 (− 0.28, 0.27) 0.95 195 − 0.04 (− 0.32, 0.25) 0.79
Trabecular number (SD) 207 0.08 (− 0.19, 0.35) 0.55 198 0.16 (− 0.12, 0.44) 0.25 195 0.09 (− 0.19, 0.38) 0.53
Trabecular thickness (SD) 207 − 0.07 (− 0.34, 0.19) 0.59 198 − 0.14 (− 0.41, 0.13) 0.30 195 − 0.09 (− 0.37, 0.19) 0.52
Cortical thickness (SD) 209 0.07 (− 0.19, 0.34) 0.59 199 0.07 (− 0.20, 0.35) 0.60 195 0.10 (− 0.18, 0.38) 0.48
Cortical porosity (SD) 209 − 0.15 (− 0.41, 0.10) 0.24 199 − 0.15 (− 0.41, 0.11) 0.25 195 0.10 (− 0.37, 0.17) 0.47
Total cross-sectional area (CSA) (SD) 207 0.05 (− 0.20, 0.30) 0.71 198 0.12 (− 0.09, 0.34) 0.26 195 0.09 (− 0.14, 0.31) 0.45

Whole-body-less-head (WBLH) DXA
BA (SD) 216 0.06 (− 0.19, 0.31) 0.63 207 0.11 (− 0.06, 0.29) 0.20 202 0.12 (− 0.06, 0.30) 0.20
BMC (SD) 219 0.03 (− 0.21, 0.28) 0.78 210 0.14 (− 0.003, 0.28) 0.05 205 0.11 (− 0.03, 0.26) 0.13
BMD (SD) 216 0.07 (− 0.17, 0.32) 0.56 207 0.19 (0.04, 0.34) 0.01 202 0.15 (− 0.01, 0.30) 0.06
BMAD (SD) 216 0.04 (− 0.21, 0.29) 0.76 207 0.16 (− 0.03, 0.34) 0.10 202 0.11 (− 0.08, 0.30) 0.26

Table 5 
Bone phenotypes generated by cluster analysis of HR-pQCT variables and 
characteristics of the children in each cluster.

Variable Cluster 1 
(n = 58)

Cluster 2 
(n = 69)

Cluster 3 
(n = 67)

P 
valuea

Total vBMD (mg/cm3), mean 
(SD) 256 (21) 270 (26) 319 (32) <0.001

Cortical vBMD (mg/cm3), mean 
(SD)

714(25) 743 (30) 767 (29) <0.001

Trabecular vBMD (mg/cm3), 
mean (SD)

162 (17) 174 (23) 175 (28) 0.004

Trabecular number (mm− 1), 
mean (SD) 2.0 (0.2) 2.0 (0.2) 1.9 (0.3) 0.03

Trabecular thickness (mm), 
mean (SD)

0.07 
(0.01)

0.07 
(0.01)

0.08 
(0.01)

<0.001

Cortical thickness (mm), mean 
(SD)

0.9 (0.1) 0.9 (0.1) 1.2 (0.2) <0.001

Cortical porosity (%), mean (SD) 6.9 (1.6) 5.6 (1.8) 6.1 (1.8) <0.001
Total cross-sectional area (CSA) 

(mm2), mean (SD) 322 (36) 384 (41) 287 (46) <0.001

Male sex, n (%) 33 (57) 40 (58) 32 (48) 0.43
Age (years), mean (SD) 7.1 (0.5) 6.9 (0.4) 7.0 (0.4) 0.16

Height z-score (SD), mean (SD) − 0.1 
(0.8)

1.0 (0.8) 0.2 (0.9) <0.001

Weight z-score (SD), mean (SD) − 0.2 
(0.7)

0.9 (0.8) 0.1 (1.0) <0.001

BMI z-score (SD), mean (SD)
− 0.3 
(0.9) 0.5 (1.0)

− 0.0 
(1.0) <0.001

Whole body total percentage fat 
(%) 28 (5) 29 (6) 29 (6) 0.20

Age last breast fedb (months), 
mean (SD)

5 (5) 6 (5) 5 (5) 0.09

Randomisation to 
cholecalciferol, n (%)

29 (50) 35 (51) 32 (51) 1.0

a P values were obtained from χ2 (categorical variables) and one-way ANOVA 
(continuous variables).

b Established from questionnaires completed at 1 and 2 years of age.
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approach cost-effective in clinical care.
To our knowledge, this is the first randomised controlled trial of 

vitamin D supplementation in pregnancy to assess offspring bone 
microarchitecture measured by HR-pQCT. There are however a number 
of limitations to this study. HR-pQCT was only available for a subset of 
the children. Due to the inherent difficulty in ensuring paediatric sub
jects keep still and the exquisite sensitivity of the instrument to move
ment, 26% of images were not useable thus reducing the available 
sample size. Additionally, we only acquired HR-pQCT images of the tibia 
and therefore have only examined the effect of pregnancy vitamin D 
supplementation on bone microarchitecture of weight bearing bones. 
The children that had HR-pQCT were born to mothers that were more 
highly educated and less likely to smoke in early pregnancy and were 
breast-fed for longer. This may mean that they were more likely to 
exhibit other healthy lifestyle behaviours, potentially limiting the gen
eralisability of the findings. Postnatal bone development is influenced 
by many factors, including diet, calcium intake [43–45] and vitamin D 
status [46–48], physical activity and body weight. Due to the random
isation and ongoing blinding of participants, we would not expect 
maternal allocation to cholecalciferol or placebo to alter these post-natal 
behaviours. Milk intake and use of vitamin D supplementation at age 
6–7 years was similar between the two groups, but physical activity was 
not formally assessed. Detailed assessment of physical activity in future 
follow-up or studies could help to confirm this and potentially delineate 
mechanistic pathways between maternal vitamin D supplementation 
and offspring bone health outcomes.

Due to an ethical stipulation, participants were permitted to take 
vitamin D supplementation throughout the study, up to a maximum of 
400 IU/day. Thus, the placebo group may have been taking 0–400 IU/ 
day and the intervention group 1000–1400 IU/day. This is likely to bias 
towards a null effect, although notably, despite of this, a difference in 
maternal 25(OH)D in late pregnancy was observed between the ran
domisation groups, and in the larger cohort of offspring, an effect on 
WBLH BMD at 4 [4] and 6–7 years [1] was also detected. Maternal 
baseline characteristics (including serum 25(OH)D levels) were similar 
between the two groups included in this analysis. Future research may 
also wish to consider approaches to supplementation doses based on 
baseline 25(OH)D levels [49] to optimise clinical outcomes for all 
women and offspring given variability in the 25(OH)D achieved in late 
pregnancy [50] and/or higher dose vitamin D supplementation to 
determine if this may confer greater benefit to offspring bone health.

Most of the women who participated in the MAVIDOS trial were of 
White ethnicity, which reflected the local population at the time of study 
recruitment. However, bone microarchitecture and vitamin D status do 
differ between ethnic groups [51–55] so care should be taken in 
extrapolating the findings to the wider populations.

5. Conclusion

In this post hoc analysis of a subset of children born to mothers 
participating in a randomised placebo-controlled trial of 1000 IU/day 
cholecalciferol during pregnancy, no effect of the intervention on tibia 
bone microarchitecture or vBMD at 6–7 years was identified. This 
finding was unexpected given the previously reported differences in 
BMD assessed by DXA but could reflect the smaller sample size with 
HRpQCT. Although bone phenotype groups did not differ by random
isation, they showed distinct variations in height and weight, high
lighting the marked effect of anthropometric parameters on bone 
microarchitecture in growing children, which may overshadow the 
smaller effects of other early life exposures. Larger randomised 
controlled trials are required to robustly evaluate the effects of preg
nancy vitamin D supplementation on pre-pubertal child bone 
microarchitecture.
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