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LAY ABSTRACT  

 

Background: Adaptations in maternal bone metabolism during pregnancy and the post-

partum period provide the offspring with the nutrients needed to mineralize their bones. 

Maternal diet and hormonal changes influence these metabolic changes.    

Method: In 203 women recruited to the Bone-Be Healthy in Pregnancy Study 

randomized controlled trial, we compared changes in bone metabolism during pregnancy 

and at six months post-partum between women randomized to an individualized and 

monitored Nutrition + Exercise intervention or usual care (control) throughout pregnancy.  

Results: The intervention group consumed more protein and calcium, but had similar and 

adequate vitamin D status. At the end of pregnancy, women in the intervention group had 

less bone loss compared to the control group, but all measures were similar at 6 months 

post-partum. 

Clinical significance: The nutrition and exercise intervention reduced maternal bone loss 

during pregnancy, and could be a feasible intervention to support bone health of pregnant 

women. 
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ABSTRACT 

 

Background: Pregnancy induces transient bone mass loss. Dairy foods might promote 

bone health, yet few interventions have been conducted to optimize maternal bone health 

in the perinatal period. 

 

Objectives: To conduct a Nutrition+Exercise randomized controlled trial (RCT) in 

pregnant women to assess the impact on maternal bone health by measures of calciotropic 

and bone biomarkers at the end of pregnancy and in the post-partum period. 

 

Study design: In the Be Healthy in Pregnancy (BHIP) RCT, 203/241 women consented 

at randomization (12-17 weeks (wk) gestation) to the bone health sub-study and received 

either usual care or a Nutrition+Exercise intervention that provided an individualized high 

protein diet (50% as dairy products) and a walking program throughout pregnancy. 

Maternal characteristics and fasting blood samples were obtained at 12-17 wk and 36-38 

wk gestation, and at six months post-partum. Vitamin D status from the BHIP participants 

was compared to the FAMILY birth cohort participants (assessed at 24-36 wk gestation) 

to assess changes over a ten-year span. The response of the calciotropic and bone 

biomarkers to the RCT intervention was assessed at the end of pregnancy and in the post-

partum period. 

 

Results: Adequate vitamin D status in pregnancy was observed in 322 participants from 



 

 v 

the FAMILY and 191 from the BHIP study, impacted by season and supplement intake. 

For participants in the BHIP study, serum 1,25-dihydroxyvitamin D concentrations 

increased throughout pregnancy and were not associated with serum 25(OH)D. 

Participants from the intervention group had lower serum bone resorption marker CTX 

compared to control group, which was reflected in cord serum. No differences were 

observed with other bone biomarkers at the end of pregnancy or in the post-partum 

period.  

 

Conclusion: Higher protein and calcium intake compared to the control group during 

pregnancy minimized bone resorption, thus protecting maternal bone health in the 

perinatal period.  
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CHAPTER 1 
 

INTRODUCTION 
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1.1. Clinical problem 

Osteoporosis can be studied under the lens of the developmental origins of health and 

disease (DOHaD) as it has been hypothesized to have its root in early life (1). From the 

maternal perspective, it is hypothesized that pregnancy and lactation themselves may 

contribute to maternal osteoporosis later in life (2–4).  

 

Both pregnancy and lactation induce bone mineral mobilization to accommodate the 

increased nutrient demands for fetal and infant skeletal formation, leading to a 

deterioration of maternal bone status (reviewed in (5)). Yet, perinatal maternal bone 

metabolism adaptations are poorly characterized (reviewed in (6)).  

  

Vitamin D deficiency is often claimed as a major problem in pregnant women globally 

leading to potential adverse risks to mother and offspring (reviewed in (7)). Despite such 

claims, few studies have assessed dietary intake and serum vitamin D metabolites using 

gold standard methods prospectively throughout pregnancy. Gaps in knowledge exist 

regarding the maternal determinants of vitamin D status at different trimesters during 

pregnancy, and how it impacts maternal bone health outcomes (reviewed in (8)).  

 

Maternal habitual dietary intake throughout pregnancy and post-partum are not often well 

documented in studies looking at bone health (reviewed in (5)) despite the importance of 

nutrition on normal bone turnover. As well, the duration and extent of lactation is not 
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often described, which could encompass various breast-feeding practices that influence 

maternal bone health status in the post-partum. 

 

Dairy foods might promote bone health during pregnancy, with potential sustained effects 

in the post-partum period (9), being rich in protein, calcium and other bone-nutrients, 

such as vitamin D (if fortified) (10). Very few structured and personalized lifestyle 

interventions have been tested in randomized controlled trials (RCTs) conducted during 

pregnancy with the goal to optimize maternal bone health and monitor the sustained 

impact in the post-partum period. Studies have either focused on simply providing 

vitamin D supplements (reviewed in (8)) or calcium supplements during pregnancy (11) 

or lactation (12), with inconclusive findings on maternal bone outcomes. To our 

knowledge, only one study assessed the impact of a maternal calcium supplementation 

with milk powder on maternal bone outcomes in a Chinese cohort (13), showing a 

positive benefit to bone mass density. No RCT has evaluated the impact of a 

Nutrition+Exercise intervention on maternal bone health while completing a global 

assessment of dietary habits and bone metabolism, including measures of serum bone 

turnover markers and vitamin D metabolites, throughout pregnancy and the post-partum 

period. 

 

1.1.1. Objectives 

To address these knowledge gaps, the specific objectives of my thesis are: 

1) To conduct a RCT in pregnant women focused on bone health and to publish this as a 
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RCT protocol of the BHIP study;  

2) To conduct a comparative analysis of vitamin D intake and status in two cohorts of 

pregnant women studied ten years apart in Southern Ontario; 

3) To characterize the vitamin D metabolite profiles across pregnancy, and identify the 

factors associated with maternal serum 25(OH)D concentrations during pregnancy;  

4) To determine the effect of a maternal Nutrition+Exercise intervention in comparison to 

the control (usual care) group during pregnancy on maternal bone biomarkers from 

early (12-17 weeks) to late (36-38 weeks) of pregnancy, at six months post-partum and 

in cord blood; and maternal bone mass at six months post-partum. 

 

1.1.2. Hypotheses 

For objective 2, I hypothesized that the primary source of dietary vitamin D intake would 

be milk, and that total consumption of vitamin D would be higher in the cohort recruited 

in 2012-2014 when compared to the cohort recruited in 2004-2009 due to recent media 

hype about vitamin D’s role in health, leading to higher serum concentrations of 

25(OH)D in the recent cohort compared to the older one;  

 

For objective 3, I hypothesized that maternal dairy product consumption, especially milk, 

would be associated with vitamin D status during pregnancy, and that serum 

concentrations of 25(OH)D would remain stable, but that serum 1,25(OH)2D 

concentrations would rise significantly by the end of pregnancy; 
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For objective 4, I hypothesized that maternal high protein dairy consumption combined 

with exercise in pregnancy would reduce bone turnover during pregnancy, but the effects 

would not be sustained at six months post-partum.
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1.2. Pregnancy changes in bone metabolism 

1.2.1. Pregnancy and the developmental origins of osteoporosis 

The developmental origins of health and disease (DOHaD) paradigm postulates that 

environmental factors such as maternal nutrition and lifestyle choices during pregnancy 

and in early life can modify the offspring physiological processes, impacting risks of non-

communicable disease later in life (1). Osteoporosis is described by a systemic 

impairment of bone mass and microarchitecture leading to elevated risks of fracture (14).  

Although osteoporosis is hypothesized to have environmental, genetic and biological 

components, it can also be studied under the lens of DOHaD, as it has been proposed to 

have its roots in early life (1). Adequate bone accretion in utero has been observed to be 

dependent on maternal nutritional status (1). Bone accretion of the fetus in utero and in 

early life can program for peak bone mass, as it has been shown that childhood bone mass 

tracks until puberty (15) when peak bone mass is achieved. Sub-optimal peak bone mass 

is a predictor of fracture risk in later life (1). Adequate nutrient transfer to the fetus is 

dependent on the mother’s nutritional status and overall health.  

 

Beyond the focus put on the offspring’s health, the DOHaD hypothesis also implies that 

mothers’ health needs to be nurtured to ensure a healthy pregnancy as well as successful 

future pregnancies (16). To that effect, the concept of maternal constraint suggests that 

mothers need to give relative priority to themselves over the fetus (16), and limit the fetal 

growth to ensure a successful delivery, and sustain maternal capacities for future 

pregnancies, at least in well-nourished and healthy women (16). Nutritional and 
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environmental signals are at play to restrict excessive fetal growth (16). Maternal 

constraint in the context of bone metabolism can impact the fetus’ supply of nutrients, 

and ultimately its bone mass accretion. Signals involved in maternal constraint might 

impact systems regulating vitamin D and calcium homeostasis, as well as the placenta, 

which controls the synthesis and release of various hormones during pregnancy (Figure 

1). Optimal maternal health and adequate nutrition are key to balance maternal constraint 

processes in a way that preserve the mother’s reproductive health but still support the 

optimal development and survival of the fetus.  

 

 

Figure 1: Maternal factors and physiological changes impacting calcium and vitamin D 
metabolism during pregnancy. Adapted from Fiscaletti M, Stewart P, Munns CF. The 
importance of vitamin D in maternal and child health: A global perspective. Public 
Health Rev. Public Health Reviews; 2017;38:1–17. 
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Pregnancy represents a period where the mother provides a substantial amount of calcium 

for transplacental transfer to the fetus (Figure 2, discussed in more details in subsequent 

sections), which places her at risk for demineralization of her own skeleton (reviewed in 

(6)). Several metabolic changes occur during pregnancy in order to support growth in 

utero. Although these changes aim to maximize bone health of the offspring, 

observational evidence suggested that it might be detrimental to the mother’s own bone 

health (reviewed in (5)). Some evidence suggested that loss of maternal bone is transient 

(17), and the impact was modulated by the nutritional status of the mothers (18–21). 

Accordingly, pregnancy is hypothesized to be a risk factor for maternal osteoporosis (2). 

 

 

  

Sub-optimal vitamin D status during pregnancy can impact the adaptations in calcium 

metabolism that typically occur in pregnancy such as increased intestinal absorption and 

increased renal retention (reviewed in (5)). Although a high calcium demand supports the 

Figure 2: Schematic diagram of the calcium flux in non-pregnant, pregnant, and lactating 
women. Adapted from Olausson H, Goldberg GR, Ann Laskey M, Schoenmakers I, Jarjou LM, 
Prentice A. Calcium economy in human pregnancy and lactation. Nutr Res Rev. 2012;25:40–
67. 
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hypothesis that pregnancy and lactation are risk factors for osteoporosis (2–4), a recent 

systematic review of observational studies reported inconclusive results (22). Thus, a lack 

of consensus remains as to the metabolic adaptations associated with pregnancy, the 

magnitude of bone loss, and the lasting impact of pregnancy changes on bone health 

status in the post-partum period. A better understanding of bone metabolism changes 

associated with pregnancy is needed in order to intervene and limit maternal bone mass 

loss, and subsequently prevent osteoporosis later in life. 

 

1.2.2. Changes in bone turnover by biomarkers  

It is estimated that 30 grams of calcium are transferred to the fetus during pregnancy (5). 

Accordingly, maternal dietary calcium and vitamin D insufficiency, as well as inadequate 

metabolic adjustments can result in the decalcification of the mother’s own skeleton to 

support fetal bone accrual.  

 

Healthy bone is metabolically very active and constantly renewed through the action of 

bone-forming osteoblasts and bone-resorbing osteoclasts (23). The ongoing process of 

bone remodeling follows a time course including maturation and mineralization of the 

collagenous matrix (23). Bone is made of mineralized collagen fibrils, of which 90% is 

type I collagen. The remaining components include mineral crystals, such as the 

hydroxyapatite composed of calcium (23). Cross-links are formed between collagen 

helices in order to create strong collagen fibrils, ensuring strength to the skeleton.  
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Serum concentration of bone turnover markers reflect short-term changes in bone 

turnover, and reflects the rate of bone remodelling (24). Of all of the measurable serum 

and urinary bone markers, the International Osteoporosis Foundation and the 

International Federation of Clinical Chemistry and Laboratory Medicine (25) recommend 

measurement of serum procollagen type I N propeptide (PINP) as a marker of bone 

formation, and serum carboxyl-terminal telopeptide of type I collagen (CTX) as a marker 

of bone resorption. PINP is a precursor molecule to the formation of mature collagen that 

is highly specific to bone (26). CTX is a product of the collagen cleavage that occurs 

during resorption. The greatest contribution to circulating CTX is assumed to be from 

bone (26), so its specificity to bone is considered moderate to great. Measured together, 

serum PINP and CTX reflect bone turnover. 

 

An overall bone mineral mobilization during pregnancy is evident from longitudinal 

studies in which concentrations of plasma bone turnover markers (20,27–35) or urinary 

markers (27–29,34) were higher during pregnancy when compared to pre-pregnancy. 

Specifically, elevated concentrations of the bone resorption marker CTX were detected as 

early as the first trimester in some (33,36) but not all studies (20,30,32). No significant 

increases in concentrations of the bone formation marker PINP were reported before the 

third trimester (29,30,32). Collectively, markers of bone resorption and formation reached 

their maximal concentrations in the last trimester of pregnancy, when fetal bone accrual 

peaks.  
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Of the 15 studies that have measured bone turnover throughout pregnancy, only two 

(30,32) measured simultaneously serum CTX and serum PINP as suggested by expert 

consensus (25). In these observational longitudinal studies representing 41 English 

pregnant women (30) and 49 German pregnant women (32), circulating concentrations of 

PINP and CTX in early pregnancy (e.g. 12 week gestation) were significantly lower 

compared to pre-pregnancy, but rose significantly by the end of pregnancy at 36 weeks 

gestation. This suggests that changes in bone resorption are coupled to changes in 

formation, supporting an overall increased bone turnover during pregnancy.  

 

Among other studies on bone metabolism changes during pregnancy, some have 

measured either serum CTX (20,33,36) or serum PINP (29), limiting the interpretation of 

pregnancy’s impact on bone turnover. Limitations of the published studies include sample 

size, which averaged 27 participants, and some with ten participants or less (21,27,28). 

Most studies took place in Europe (n=10), with three from the United Kingdom 

(27,29,30), concentrating the results on European descent women but not from North 

America. Only half of the studies (20,27,29–32,34,36) repeated measures of bone 

turnover markers throughout pregnancy, which is essential to have a rigorous assessment 

of pregnancy related changes with baseline values. Additionally, older studies have used 

suboptimal or outdated analytical methods, which are difficult to interpret within the 

current body of knowledge. For example, some studies have measured bone turnover 

markers in urine (27–29) which is not optimal due to an increase in glomerular filtration 

rate observed during pregnancy that can affect the interpretation of urinary measures (5). 
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Assays are now readily available to measure concentrations in serum or plasma, which is 

preferred (25). Even when measured in serum, attention to time of day is required for 

markers such as CTX, which must be measured in the morning after a fasted night in 

order to minimize variability as its metabolism is highly dependent on circadian rhythm 

and food intake (37). To gain a clear understanding of the pregnancy-induced bone 

metabolism changes, there is a need for high quality studies with large sample sizes, and 

repeated measures throughout pregnancy using gold standards techniques and the 

recommended bone turnover markers serum CTX and PINP. 

 

1.2.3. Changes in calciotropic hormones 

Changes in calciotropic hormones, including vitamin D metabolism occur during 

pregnancy to support adequate calcium transfer to the fetus. Sub-optimal maternal 

vitamin D status in pregnancy can limit fetal bone accrual, as fetal bone growth relies on 

both maternal optimal calcium intake and vitamin D status (38). Most evidence to date 

suggests that serum 25(OH)D concentrations, the indicator of vitamin D status (39), did 

not change throughout pregnancy (34,35,40). However, serum 1,25(OH)2D 

concentrations, the active form of vitamin D, reached supra-physiologic concentrations by 

the end of the third trimester. Indeed, the conversion of 25(OH)D to 1,25(OH)2D 

was greatly up-regulated compared to a non-pregnant state (41). The renal hormone 1-α-

hydroxylase became uncoupled with its feedback system, and concentrations of serum 

1,25(OH)2D were reported to increase as a function of serum 25(OH)D availability 

(42,43). The rise in circulating 1,25(OH)2D concentration occurred in the first trimester of 
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pregnancy (28,40), and continued to rise in late pregnancy to concentrations several fold 

higher than pre-pregnancy (28,40) and early pregnancy (20,21,28,34,40). Compared to 

early pregnancy, serum 1,25(OH)2D increased by 50-100% in second trimester, and by 

another 100% in third trimester (44). Although that would be considered toxic 

concentrations in non-pregnant women, it did not lead to hypercalcemia in pregnant 

women (41). Rather, this rise in serum 1,25(OH)2D concentrations is hypothesized to 

support increased maternal calcium absorption, ultimately supporting the calcium needs 

for fetal bone accretion (41).  

 

While 1-α–hydroxylase is regulated via negative feedback by parathyroid hormone (PTH) 

in a non-pregnant state, it does not seem to be the case during pregnancy, as PTH and 

1,25(OH)2D circulating concentrations have not been found to correlate (reviewed in (6)). 

It is more probable that the rise in 1,25(OH)2D is due to a PTH-independent mechanism 

(reviewed in (6)), and several other hormones were proposed such as parathyroid 

hormone-related protein (PTHrP), estradiol, prolactin, placental lactogen, and calcitonin, 

all of which increase throughout pregnancy and could have a central role in stimulating 

renal 1-α-hydroxylase (Figure 1) (41,42,45). It was also postulated that the increased 

production of maternal 1,25(OH)2D early in pregnancy could be a compensatory 

mechanism to the increase in DBP that binds 25(OH)D, decreasing the free 25(OH)D 

(reviewed in (45)). Another contributor during pregnancy may also relate to the maternal 

decidua and fetal placental cells that exhibit action of 1-α–hydroxylase, being a major 

extra-renal site of conversion of 25(OH)D to its active form (reviewed in (45)). This is 
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further enhanced by the observed decreased CYP24A1 expression in the placenta in early 

gestation, leading to the prevention of the catabolism of 1,25(OH)2D (reviewed in (45)). 

However, the majority of the rise in concentration of 1,25(OH)2D during pregnancy 

seems to be attributed to the activity of 1-α–hydroxylase in the maternal kidneys as 

opposed to the placental and decidual cells. This is substantiated in animal studies of 

nephrectomized rats injected with 25(OH)D as well as observational studies involving 

pregnant women with non-functioning kidneys, where lower 1,25(OH)2D levels 

compared to healthy pregnant state were observed in both cases (reviewed in (45)).  

 

The growth factor insulin-like growth factor-I (IGF-1) is among the other regulators of 

changes in calcium metabolism during pregnancy as it is a bone anabolic hormone (5). 

Similar trends to CTX and PINP were observed for IGF-1 with elevated concentrations 

reported only at the end of pregnancy (21,29,34,46). Circulating concentrations of IGF-1 

correlated with changes in bone turnover markers of resorption and formation during 

pregnancy (21,29,34), but no studies to date have measured serum IGF-1 concentrations 

in combination with serum CTX and PINP throughout pregnancy. It is apparent that IGF-

1 plays an important role in the calcium metabolism adaptations seen in pregnancy, yet its 

specific role requires further investigation. 

 

1.2.4. Changes in bone mineral  

Mobilization of bone mineral was reported to occur during pregnancy (reviewed in (5)). 

Both a decline in bone mineral and no change from pre-pregnancy to early post-partum at 
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one or more skeletal sites were reported in a review including ten studies (reviewed in 

(5)). The response of bone to physiological and environmental stimuli differed between 

regions of the skeleton, so there is a need to assess different skeletal sites to have an 

overview of bone metabolism (reviewed in (5)). Both trabecular and cortical bone were 

affected by pregnancy-related changes, but in different magnitudes. Cortical bone is 

compact, while trabecular bone is spongy and reported as more metabolically active (47). 

As a result, trabecular bone was more rapidly remodeled compared to cortical bone (47). 

The axial skeleton, including the spine, is made of a greater ratio of trabecular-to-cortical 

bone compared to other skeletal sites. Accordingly, it is important to assess several 

skeletal sites when evaluating the effects of pregnancy on bone health (reviewed in (5)). 

 

Dual-energy x-ray absorptiometry DXA is recognized as the gold standard method to 

measure whole body and site specific bone mineral density (BMD) (48). Out of the ten 

observational longitudinal studies that assessed the impact of pregnancy on maternal bone 

mineral, seven reported a significant decrease in bone mineral at one or more skeletal 

sites when measured by DXA from pre-conception to early post-pregnancy (29,31,49–

53). Two studies reported non-significant decreases in bone mineral from pre- to post-

partum (54,55), while one study did not see any changes due to pregnancy (40). 

Excluding implausible data (51), a significant average loss of -1.1% of bone mineral 

(range -1.7 to -0.5%) at the whole body, and an average loss of -2.7% (range -4.5 to -

1.5%) of bone mineral at the spine was reported from pre-conception to up to six weeks 

post-partum. Yet, a lot remains unknown and limitations of published studies to date such 
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as small sample size and wide range of pre-pregnancy measurement (from 16 months to 

three months pre-conception) limits the generalizability of the results. 

 

In assessing the variations in skeletal response to pregnancy between studies it is 

important to consider factors such as genetics, and body size in the perinatal period that 

might explain inter-individual variations. With regard to body size, pre-pregnancy body 

mass index (BMI), gestational weight gain, and body fat mass are all reported to impact 

bone mineral density changes during pregnancy (18,50). For example, women with a low 

pre-pregnancy BMI were reported to have greater decline in whole body bone mineral 

content than women of higher pre-pregnancy BMI, suggesting that higher body weight 

might be protective of bone mass due to increased mechanical loading (50). Fat mass 

gain, rather than total gestational weight gain, might play an important role in modulating 

bone metabolism changes during pregnancy. Greater maternal adiposity, but not 

gestational weight gain, was associated with an attenuated bone loss in pregnancy (18), 

supporting the protective effect of higher fat mass on maternal skeleton. With regards to 

genetics, a portion of the variance in bone mass was reported to be attributable to genetics 

(56). Recent genome-wide association studies (GWAS) revealed the importance of 

genetic determinants in various skeletal phenotypes in human, such as BMD (57). Strong 

genetic correlations are reported with BMD (58), emphasizing the importance of 

considering genetic risk factors in maternal bone health.  
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1.2.5. Maternal dietary calcium intake and vitamin D status  

The extent to which bone metabolic changes during pregnancy are dependent on maternal 

intake and status of calcium and vitamin D remains unclear (reviewed in (5)). Changes in 

bone mineral by DXA during pregnancy were independent of dietary calcium in 

observational studies including women with adequate habitual calcium intake averaging 

the Dietary Reference Intakes (DRI; Estimated average requirement (EAR): 800 mg/day; 

Recommended dietary allowance (RDA): 1,000 mg/day (39)) across the United States 

(59), Denmark (53) and the United Kingdom (52,55). In contrast, changes in bone 

mineral throughout pregnancy in a cohort with low habitual calcium intake (e.g. 400-500 

mg/day) seemed to be dependent on maternal calcium intake. Longitudinal studies using 

ultrasound reported that pregnant women consuming less than 568 mL of milk/day 

(representing an estimated 560 mg of calcium) in the United Kingdom (18) and less than 

1000 mg/day of calcium in Spain (19) had an accentuated bone loss throughout 

pregnancy when compared to women with higher maternal calcium intake. Taken 

together, these studies suggest that effects on bone loss might be larger in women with 

low habitual intake (e.g. ≈500 mg/day) compared to women with high habitual intake. In 

a small cohort of Argentinian pregnant women (n=39), greater bone turnover by 

biomarkers, specifically serum CTX, was observed in women with low intakes of dietary 

calcium compared to those with adequate calcium intake (20). To further complicate the 

interpretation, it was suggested that pregnant women with low habitual calcium intake 

might have compensatory enhanced intestinal calcium absorption (21). Taken together, 

these results suggest that the bone metabolism changes in pregnancy might be dependent 
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on maternal calcium intake, and that bone loss might be greater in women with low 

habitual intake.  

 

Currently a lack of consensus exists among recommendations as to the optimal maternal 

vitamin D intake and status during pregnancy (Table 1). Vitamin D status, as defined by 

circulating serum concentration of 25(OH)D (39), accounts for both endogenous and 

exogenous sources of vitamin D, including food, supplements, and sunshine exposure 

(42). Sub-optimal vitamin D status during pregnancy has the potential to exaggerate 

maternal skeletal response due to its role in calcium metabolism (5).  

 

Table 1: National and International guidelines on thresholds for vitamin deficiency and 
dietary recommendations for vitamin D intake during pregnancy. Adapted from Curtis 
EM, Moon RJ, Harvey NC, Cooper C. Maternal vitamin D supplementation during 
pregnancy. Br Med Bull. 2018;1–21. 
 
Guideline Countries 

covered by 
recommendation 

Vitamin D 
status 

deficiency; 
25(OH)D 
(nmol/l) 

Vitamin D 
status 

insufficiency; 
25(OH)D 
 (nmol/l) 

Vitamin D 
status 

sufficiency; 
25(OH)D 
 (nmol/l) 

Dietary 
recommendation 
for vitamin D 
intake in 
pregnancy 
(IU/day) 

Institute of 
Medicine (IOM) 

USA and Canada < 30 30 – 50 ≥ 50 600 

Canadian Pediatric 
Society 

Canada < 25 25 - 75 75 - 225 No 
recommendation 

Endocrine Society 
Clinical Practice 
Guidelines 

Worldwide < 50 50 – 75 ≥ 75 600 

Global Consensus 
Recommendations 
on Prevention and 
Management of 
Nutritional Risks 

Worldwide < 30 30 – 50 ≥ 50 600 
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Using systematic reviews and meta-analysis as a basis, the Institute of Medicine (IOM; 

(39)) defined serum concentrations of 25(OH)D below 30 nmol/L to be deficient, 30-50 

nmol/L to be inadequate, and above 50 nmol/L to be sufficient, based on bone health 

outcomes such as prevention of rickets and osteomalacia. Health Canada adopted the 

IOM guidelines (60), so the same guidance holds in Canada. In contrast, other 

organizations have suggested serum concentrations of 25(OH)D above 75 nmol/L for 

maximal health benefits, but most of these recommendations are based on expert 

consensus rather than systematic review of the literature (Osteoporosis Canada (61); the 

American Endocrine Society (62); and the Canadian Pediatric Society (63)). Little is 

known about the impact of maternal vitamin D status during pregnancy on bone health 

outcomes of the mother, as most studies focused on infant outcomes (42). One 

observational study of 304 British women (ethnicity unreported) showed that entering 

pregnancy during the winter accentuated the maternal bone loss observed during 

pregnancy compared to women entering pregnancy during the summer, suggesting an 

interaction between maternal bone metabolism adaptations and vitamin D status through 

sunshine exposure (18).  

 

Several factors influence maternal vitamin D status during pregnancy (Figure 3). 

Pregnant women of higher pre-pregnancy BMI have lower serum 25(OH)D than women 

with lower pre-pregnancy BMI throughout pregnancy (64), and this might be due to the 

vitamin D being sequestered in the adipose tissue (65).  Limited evidence exists on the 

impact of gestational weight gain and changes in body composition on serum 25(OH)D 
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concentrations in pregnant women. It is difficult to measure body composition changes in 

pregnancy due to the limitations of available methods. For example, DXA scanning is 

deemed unsafe during pregnancy due to x-ray exposure, while bioelectrical impedance 

analysis is safe but not validated in pregnancy (66).  

 

 

 

As endogenous vitamin D synthesis relies on ultraviolet radiation, many factors that 

affect sunlight exposure can also influence maternal vitamin D status. Cutaneous vitamin 

D production is influenced by skin pigmentation, sunscreen use, and clothing choices, 

where darker skin and the use of sunscreen and covering clothes lead to less production of 

pre-cholecalciferol (42). Other factors that affect cutaneous production of vitamin D 

include season, time of the day, latitude and altitude (42). Although the biological 

Figure 3: Factors affecting maternal vitamin D status during pregnancy. Adapted from 
Hossein-Nezhad A, Holick MF. Vitamin D for health: A global perspective. Mayo Clin Proc. 
2013;88:720–55. 
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evidence clearly supports the role of vitamin D status in maternal bone metabolism 

changes during pregnancy, the regulation of alterations in concentrations of 25(OH)D and 

1,25(OH)2D is unclear throughout pregnancy. Importantly, few studies measured 

circulating concentrations by the gold-standard method liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) (40) while most are using assays (20,21,33–36) with 

important between-assay variability (67). LC-MS/MS is regarded as the gold standard to 

measure vitamin D metabolites due to the ability of this technique to separate and 

quantify various molecules with sensitivity and specificity: 25(OH)D2, 25(OH)D3, total 

25(OH)D, and other metabolites such as 1,25(OH)2D2 and 1,25(OH)2D3  (68). 

 

Only two studies (34,40) measured both 25(OH)D and 1,25(OH)2D in their cohort, and 

only Moller et al. (34) have done so in conjunction with measuring serum bone formation 

markers, but no serum bone resorption marker. A global assessment of vitamin D 

metabolites and other relevant serum bone biomarkers by gold standards methods is 

needed to understand the changes related to pregnancy. 

 

1.2.6. Maternal skeletal benefits of interventions including a dietary or exercise 

component 

Potential benefits of calcium supplementation alone on maternal bone turnover were 

demonstrated in some intervention studies. In a small randomized cross-over trial of 31 

Mexican pregnant women with adequate habitual calcium intake, a ten day 

supplementation protocol with 1200 mg/day of calcium led to a significant decrease in 
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urinary NTX, a marker of bone resorption, compared to supplementation with a 

multivitamin without calcium (69). This contrasts with results from a randomized 

controlled trial of calcium supplementation including pregnant women with very low 

habitual calcium intake (350 mg/day) (11), and taken together suggests that compensatory 

mechanisms might enhance calcium absorption in women with very low daily calcium 

intake (reviewed in (5)).  

 

The influence of vitamin D supplements in pregnancy was addressed in a Cochrane 

systematic review including four RCTs for a total of 414 women in which the women 

who received vitamin D supplements had higher circulating 25(OH)D concentrations at 

the end of pregnancy than those who received a placebo or no intervention (reviewed in 

(8)). Out of the trials included in this systematic review of vitamin D supplementation 

during pregnancy, none reported on maternal bone health, so it remains unclear if higher 

vitamin D status was linked to clinical benefits for the skeletal health of the mother 

during pregnancy.   

 

Since the publication of this systematic review, several RCTs have been published. Most 

intervention studies included pregnant women with insufficient (70–72) or deficient (73) 

vitamin D status at enrolment. The geographical areas represented were East Asia (70,71) 

or the Middle East (72,73), and when assessed, their habitual calcium intake was low. 

Consistently, all studies reported that vitamin D supplementation during pregnancy led to 

a rise in maternal serum 25(OH)D concentrations at term whether provided as daily (73) 
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or a weekly (71,72) supplementation. High daily vitamin D supplementation was also 

efficient in raising maternal vitamin D status in pregnant women with adequate vitamin D 

status (74,75). Although these high supplement doses (i.e. up to 4,000 IU/day) were 

deemed safe (74,75), maternal bone health outcomes were not assessed in these trials. 

 

Overall, results from clinical trials showed a clear benefit of vitamin D supplementation 

at improving maternal vitamin D status in pregnant women (especially if they were 

vitamin D deficient at baseline) and a potential benefit of calcium supplementation on 

bone metabolism. A combined calcium and vitamin D supplementation was effective at 

raising circulating 25(OH)D concentrations at the end of pregnancy but this was in 

pregnant adolescents with low habitual calcium intake but with adequate initial vitamin D 

status (76). Yet, it remains unclear if there were any maternal bone health benefits 

associated with such interventions, as none of the studies to date have measured the 

impact of such interventions on maternal bone metabolism markers in pregnancy (70–76).  

 

Interventions supplementing food in conjunction with nutrient supplements (13) and 

promoting lifestyle changes such as physical activity (77) are promising avenues to 

maintain maternal bone health during pregnancy. In the only reported randomized 

controlled trial, 36 Chinese women with very low habitual calcium intake (480 mg/day) 

received either 350 mg/day of calcium (through milk powder, for a total daily intake of 

900 mg), 950 mg/day of calcium (through milk powder and a calcium supplement, for a 

total daily intake of 1500 mg) or habitual diet from 20 weeks of pregnancy to the post-
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partum (13). At the end of pregnancy, calcium supplementation led to a significant dose-

dependent decrease in urine hydroxyproline, a marker of bone resorption, when compared 

to no supplementation.  

 

Exercise might exert a positive impact on maternal bone health in pregnancy due to 

mechanical loading. Only one study (n=118) to our knowledge looked at the impact of 

physical activity in pregnancy on bone health, showing that Chinese women who engaged 

in physical activity during their pregnancy had preserved bone mineral density of the heel 

in early post-partum compared to women who were inactive (77).  

 

Although the evidence to date is sparse, interventions that would combine active lifestyle 

and consumption of bone-related nutrient rich foods such as dairy products to support 

maternal bone health during pregnancy are promising. Large sample size and 

measurement of clinically relevant bone biomarkers and bone mineral density measures 

are needed. 

 

1.2.7. Cord serum calciotropic hormones and bone biomarker concentrations in 

relation to maternal concentrations 

Infant vitamin D status at birth is dependent on maternal serum concentrations of 

25(OH)D during pregnancy (reviewed in (78)), and cord serum 25(OH)D concentrations 

strongly correlate with maternal concentrations at the end of pregnancy (79). While the 

optimal vitamin D status at birth is not defined, cord serum 25(OH)D concentration was 



PhD Thesis – M. Perreault; McMaster University – Medical Sciences 

25 

reported to average 60% of maternal concentrations at the end of pregnancy in a cohort of 

Caucasian women (N=107) from Denmark (80), thus suggesting that maternal adequate 

vitamin D status is required to ensure neonatal adequacy. In contrast, cord serum 

1,25(OH)2D concentrations did not correlate with maternal concentrations at the end of 

pregnancy, with cord concentrations averaging 52% of maternal concentrations (reviewed 

in (78)). No study to date has evaluated the cord serum concentrations of both 25(OH)D 

and 1,25(OH)2D in relationship to maternal concentrations throughout pregnancy, using 

the gold standard LC-MS/MS method. 

 

No reference for vitamin D adequacy exists for cord blood, with the exception that 

newborn serum 25(OH)D above 25-30 nmol/L will prevent nutritional rickets (reviewed 

in (78)). The current DRI for vitamin D for pregnant women (39) did not evaluate the 

intake in pregnancy that would ensure adequate vitamin D status for newborns. However, 

it is suggested that maternal intake greater than the current DRI (39) are required to 

ensure adequate maternal, fetal and neonatal bone health (74,81). 

 

To our knowledge, measurement of serum bone turnover by the recommended CTX and 

PINP biomarkers (25) have never been completed in cord blood from healthy infants born 

at term, and limited evidence exists regarding bone turnover in cord serum. Only one 

study assessed the relationship between bone biomarkers in maternal and cord circulation 

in 41 dyads (82), measuring specifically serum CTX, and osteocalcin and bone-specific 

alkaline phosphatase as markers of bone formation. Significantly higher concentrations of 
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bone formation and bone resorption markers in cord blood compared to maternal 

concentrations suggested a higher fetal bone turnover state compared to the mother (82). 

Important to note, no correlation was noted for all bone biomarkers between cord serum 

and maternal serum concentrations, and fetal bone metabolism was suggested to be 

independent of the mother at term (82).  

 

More evidence is needed to understand the relationship between maternal and fetal bone 

metabolism, and how the maternal adaptations might impact bone turnover status in the 

infant at birth. 

 

1.2.8. Knowledge gaps 

No consensus exists on the metabolic adaptations to pregnancy related to vitamin D and 

bone biomarkers, the magnitude of bone loss, nor the lasting impact of pregnancy 

changes in the post-partum period. In addition to being of small sample size, few studies 

measured simultaneously serum CTX and serum PINP as suggested by expert consensus. 

Only half of the studies repeated measures of bone turnover markers throughout 

pregnancy. To gain a clear understanding of the pregnancy-induced alterations in bone 

metabolism, there is a need for high quality studies with large sample sizes, and repeated 

measures throughout pregnancy using gold standards techniques and the recommended 

bone turnover markers serum CTX and PINP. 

 

Knowledge is limited regarding the impact of maternal vitamin D status during pregnancy 
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on maternal bone health outcomes, as most studies focused on pregnancy and infant 

outcomes. How the concentrations of vitamin D metabolites, specifically 25(OH)D and 

1,25(OH)2D, change throughout pregnancy and what systemic and lifestyle factors 

influence the changes remain unclear. Importantly, few studies measured circulating 

concentrations by the gold-standard liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). A global assessment of vitamin D metabolites in addition to bone 

biomarkers by gold standard methods is needed to understand the changes related to 

pregnancy. 

 

From a lifestyle perspective, it remains unclear the extent to which bone metabolic 

changes during pregnancy are dependent on maternal intake particularly of bone-

dependent nutrients such as protein, calcium and vitamin D. Although the evidence to 

date is sparse, interventions that would combine active lifestyle and consumption of bone 

nutrient rich foods such as dairy products to support maternal bone health during 

pregnancy are promising. The use of dairy products rich in bone-health nutrients, rather 

than supplementation of single nutrients, might be more effective at preserving maternal 

bone health during pregnancy. Large sample size and measurement of clinically relevant 

bone biomarkers and bone mineral density measures are needed. 

 

Data are sparse regarding the relationship between maternal and fetal bone metabolism. 

Serum vitamin D metabolites using gold standard techniques and the recommended bone 

turnover markers serum CTX and PINP measured in cord serum would enhance our 
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knowledge of fetal bone metabolism in relation to maternal factors influencing bone 

metabolism in pregnancy.  

 

1.3. Post-partum changes in bone metabolism 

1.3.1. Post-partum and the developmental origins of osteoporosis 

During post-partum, maternal bone health is still precarious due to recovery of the 

pregnancy metabolic changes, with or without the additional demand of producing breast 

milk. Deleterious effects on the maternal skeleton appears extremely important during 

lactation, due to maternal demand to provide approximately 280-400 mg calcium per day 

through breast milk (reviewed in (6)). As a result, a temporary bone demineralization 

occurs with breast feeding with women losing three to ten percent of bone mineral density 

(reviewed in (6)) (Figure 2). The exacerbated bone loss associated with lactation might 

put the mother at higher risk of osteoporosis later in life (2–4). 

 

1.3.2. Changes in bone turnover by biomarkers  

High bone turnover in the post-partum period, particularly when women are lactating, 

was reported in longitudinal studies. A rise in serum bone formation and bone resorption 

markers was reported in the first weeks post-partum in lactating women when compared 

to values either in late pregnancy (21), or in pre-conception (27,35,40,83). In the 

following three to six months post-partum, concentrations of bone resorption markers 

were reported to return to lower concentrations, while bone formation markers remained 
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elevated (35,84). As a result, an uncoupling of bone turnover to favor bone resorption 

characterized the post-partum period. Lactation modulates the circulating concentrations 

of bone biomarkers in the post-partum period as higher concentrations of bone 

biomarkers are reported in post-partum lactating women when compared to post-partum 

women who are not lactating (85–87). Higher serum bone formation PINP and higher 

serum bone resorption CTX concentrations specifically were reported for the lactating 

women when compared to non-lactating women (88,89), yet lactation practices are not 

often well described in studies. 

 

Few studies measured both biomarkers CTX and PINP in serum both in pregnancy and 

the post-partum to obtain a global assessment of bone turnover in the perinatal period. Of 

the studies that assessed women’s bone health in pregnancy and post-partum with 

multiple bone biomarkers, the follow up in post-partum was short, often up to only two 

weeks post-partum (29,30). Such early post-partum measures of bone biomarkers might 

simply reflect pregnancy changes rather than post-partum changes, but it is difficult to 

determine due to the short length of follow-up in the post-partum period. Other 

limitations of the studies published to date include small sample size and selection of only 

one or two markers of bone turnover. Studies enrolling pregnant women early in 

pregnancy and following them well into post-partum would allow for a better 

understanding of changes associated with pregnancy and the post-partum.  
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1.3.3. Changes in calciotropic hormones 

The interplay between calcium and vitamin D during the post-partum period was shown 

in a study of post-partum women using stable calcium isotopes (90), showing a positive 

impact of combined high intake of calcium and adequate vitamin D status on rates of 

bone calcium deposition. Serum 1,25(OH)2D concentrations and dietary calcium intakes 

were among the factors that explained 99% of the variability in the rate of calcium 

deposition (90), thus suggesting an important role in maternal bone calcium metabolism 

during the post-partum period. 

 

During the post-partum period, serum 25(OH)D concentrations remained comparable to 

pregnancy, irrespective of lactation practices (including duration of lactation, and type 

such as ‘exclusively breastfeeding’, ‘expressing breast milk’ or ‘not lactating’) 

(34,40,88). In contrast, serum 1,25(OH)2D concentrations declined compared to the 

elevated concentrations in pregnancy returning to pre-conception concentrations 

(11,21,91), and remained within the normal range irrespective of lactation (28,34,40,92). 

The decline in circulating concentrations of 1,25(OH)2D in the post-partum might be due 

to the loss of pregnancy-specific placental hormones (41,42,45).  

 

Bone metabolic changes during the post-partum, specifically during lactation, appeared to 

be independent of PTH and 1,25(OH)2D metabolism, and might be mediated by low 

estrogen and the PTHrP produced by the breast tissue (reviewed in (6)). PTHrP 
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stimulated maternal bone resorption and maternal renal calcium reabsorption to ensure 

adequate calcium transfer to the infant (reviewed in (6)).  

 

Serum concentrations of the bone anabolic hormone IGF-1 were reported to decline in 

early and late post-partum compared to late pregnancy concentrations (21,29) and 

appeared to be modulated by lactation practices (34). Overall, few studies assessed 

changes in concentrations of IGF-1 in the post-partum compared to pregnancy 

concentrations, while accounting for lactating practices. 

 

1.3.4. Changes in bone mineral 

Non-lactating post-partum women experienced either no change in bone mineral density 

(12,49,93–98) or an increase of up to two percent at the spine (99,100) and two percent at 

the whole body (17,93) by three to six months post-partum (Figure 2). It is difficult to 

determine if these increases in bone mineral are a catch-up recovery from the loss 

experienced during pregnancy or if it is a phenomenon specific to the post-partum.  

 

Transient bone demineralization of the maternal skeleton appeared to be the primary 

metabolic adaptation to meet the calcium requirement of lactation. During lactation, 

women are reported to lose five to seven percent of bone mineral content at the lumbar 

spine (49,94,96,97) and about one percent at the whole body (93,101) over the period 

from early to six months post-partum (Figure 2). Women who lactate for longer periods 

had more pronounced bone mineral loss in the first six months post-partum compared to 
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women who lactate for shorter period of time (93,97). This may reflect differences in 

lactation practices such as breastfeeding versus expressing breast milk, frequency and 

duration of lactating sessions and the volume of breast milk produced (reviewed in (5)). 

Resumption of menses and its associated increase in estrogen is another factor that might 

explain differences in bone mass among women lactating for various length of time 

(reviewed in (6)). Supporting this hypothesis, maternal bone recovery was reported in 

women who stop lactating and presumably saw a return of their menses (84,100). Details 

pertaining to lactation practices and menstruation are not often reported in studies, and 

these two factors complicate the interpretation of the bone health changes observed in the 

post-partum period. Limitations of bone mineral assessment also include the lack of 

baseline data as methods such as DXA are not safe in pregnancy and it is difficult to 

recruit women pre-conception. Longitudinal studies assessing bone mineral at various 

skeletal sites in complement to measuring serum bone biomarkers are needed to gain 

knowledge of bone metabolism changes in the perinatal period. 

 

1.3.5. Maternal dietary calcium intake and vitamin D status 

The amount of maternal bone demineralization was not dependent on the maternal 

calcium intake during lactation, as both women with low habitual calcium intake (300 

mg/day) (101–103) and women with high habitual calcium intake (950 mg/day) 

(91,99,100,104,105) experienced bone mineral loss during lactation. Since neither low 

nor high calcium intake minimized maternal bone loss in lactation (101), it suggests that 

bone demineralization is a physiological response independent of dietary intake. 
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In RCTs conducted during pregnancy and lactation the effects of calcium 

supplementation on bone mineral mobilization in the mother in the post-partum are 

inconsistent. Bone loss in lactation was not altered when women with low habitual 

calcium intake (300-500 mg/day) were supplemented with a daily dose of 1000 mg of 

calcium for six months (12) or 12 months post-partum (102). Thus, calcium 

supplementation itself might not be efficient at preserving bone health during post-

partum, or starting the supplementation during the lactation period might be too late to 

see benefits on maternal bone health. It is also possible that women with low habitual 

calcium intake have beneficially adapted to their low calcium intake, and supplementing 

them with a high amount of calcium might be detrimental, as observed in a RCT cohort of 

women with low habitual calcium intake (350 mg/day) supplemented with 1500 mg/day 

of calcium during pregnancy (11). Supplementation did not alter bone mineral density at 

two weeks post-partum, but detrimental effects were observed at 12 months post-partum 

in women supplemented as they had greater bone loss and higher concentrations of bone 

turnover biomarkers than the control group (11). Taken together, supplementation might 

have a detrimental impact on maternal bone health by disrupting the adaptation to a low 

calcium intake.  

 

Neither maternal vitamin D supplementation nor higher maternal serum 25(OH)D 

concentrations were beneficial to maternal bone health in lactation as noted in 

observational studies (106) and RCTs (107,108). Daily vitamin D supplementation with 

6400 IU/day successfully raised maternal serum 25(OH)D concentrations (108), but it 
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remained unclear if any clinical benefits for the mother exist in the post-partum and 

lactation periods. Thus, to date, no evidence exists that the maternal requirement for 

vitamin D intake increases during lactation either to meet maternal needs (39) or to 

provide for transfer of calcium through breast milk to the infant. 

 

Supplementation of vitamin D and calcium during pregnancy conferred a benefit to 

lactating teenagers at four months postpartum as demonstrated by higher lumbar spine 

BMD compared with placebo (76). However, results should be interpreted with caution as 

women in the intervention group significantly reduced their lactation frequency and had a 

higher rate of resumed menses when compared to women in the placebo group. Yet, the 

concept of combining vitamin D and calcium within a single supplement is interesting, as 

it potentially can increase the absorption of calcium but more evidence is needed.  

 

1.3.6. Maternal skeletal benefits of intervention including a dietary or exercise 

component 

To our knowledge, only one RCT employed food as part of their intervention (13) to 

assess its impact on maternal bone health in the post-partum. While providing milk 

powder in addition to calcium supplementation during pregnancy ((13) described in 

details in previous section), a dose-dependent increase in whole body and lumbar spine 

bone mineral density at six weeks post-partum was observed in the calcium 

supplementation compared to the control group. These results suggest that the positive 

impact of supplementation using food during pregnancy is sustained into early post-
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partum. To our knowledge, no studies have supplemented mothers with whole food such 

as dairy products other than milk powder, and measured its impact on maternal bone 

health outcomes in post-partum.  

 

Weight bearing exercise offers potential benefit to limit maternal bone loss in the post-

partum. An exercise regimen including weight bearing aerobic exercise starting at one 

month post-partum in lactating women resulted in significantly less bone loss at five 

months post-partum when compared to no exercise (109). While the benefit of this 

exercise program was observed at the lumbar spine but not at the whole body (109), a 

similar intervention by the same group combined resistance training and energy 

restriction from one month post-partum to five months post-partum but failed to find a 

benefit to bone mass at either skeletal site when compared to no intervention (110). Both 

of these studies were of small sample size (20-31 participants), and had recruited 

overweight women (110) who were exclusively breastfeeding (109,110), thus limiting the 

generalizability of the results. In addition, although one study included a dietary 

component, it was centered around energy restriction only (110) and the authors 

suggested that the effects of a diet intervention designed to increase intake of protein, 

calcium and vitamin D in combination with an exercise intervention be assessed to 

determine the impact on maternal bone health in lactation. 
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1.3.7. Knowledge gaps  

While many studies assessed maternal bone mineral in the post-partum, few measured 

both biomarkers CTX and PINP in serum during lactation. Measures of maternal bone 

resorption and formation both in pregnancy and the post-partum would provide a global 

assessment of bone turnover in the perinatal period. Such an approach addresses the 

current limitation of the studies published to date, which include the selection of only one 

or two markers of bone turnover. It would also address the current limitation of bone 

mineral assessment that cannot be performed during pregnancy, by providing a profile of 

bone biomarkers throughout pregnancy. In addition, a longer follow-up in the post-

partum is also needed to delineate the impact of pregnancy versus the post-partum, 

specifically lactation, on maternal bone health.  

 

Lactation practices are not often described in detail, and could encompass various 

lactation practices, which can differently affect maternal bone health status in the post-

partum. Details should include frequency and intensity of breastfeeding and/or expressing 

breast milk.  

 

Maternal dietary habits throughout pregnancy and the post-partum are not often well 

documented in the studies looking at bone health despite the importance of nutrition on 

normal bone turnover. As well, only one RCT employed food as part of their intervention 

showing promising impacts both at the end of pregnancy and in post-partum. The benefits 

of a diet intervention designed to increased intake of protein, calcium and vitamin D in 
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combination with an exercise program during pregnancy need to be evaluated to measure 

if benefits can be sustained in the post-partum period. 
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CHAPTER 2 

 

STRUCTURED DIET AND EXERCISE GUIDANCE IN PREGNANCY TO IMPROVE 

HEALTH IN WOMEN AND THEIR OFFSPRING: STUDY PROTOCOL FOR THE BE 

HEALTHY IN PREGNANCY (BHIP) RANDOMIZED CONTROLLED TRIAL 
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PREFACE TO CHAPTER 2 

 

Transparent protocols are important to the good conduct and scientific validity of RCTs. 

Guidelines for RCT report, including protocol content, have been developed (e.g. 

Standard Protocol Items: Recommendations for Interventional Trials; SPIRIT guidelines), 

and such statements have been shown to improve report quality and their usefulness for 

the research community. 

 

Our protocol outlines the rationale, primary and secondary outcomes, methods, and 

analysis plan of our RCT. A written protocol prior to data analysis and interpretation 

ensures internal validity and limits post-hoc revisions of study outcomes. We believe 

having it published in Trials will improve the usefulness for the research community of 

the RCT in pregnancy that we conducted. Our protocol includes the populated SPIRIT 

checklist and figure. 

 

Authors’ contributions: SAA conceived the study as the principal investigator. Co-

investigators collaborated for the grant applications and implementation of the core study 

including facilitation of recruitment of study participants. At the McMaster University 

study site, MP conducted the core study visits with the participants, with the exception of 

the intervention so to remain blinded to the group allocation. MFM was responsible for 

recruitment and measurements at the Western University site. MP performed laboratory 

analysis for all the biomarkers (for McMaster University and Western University sites), in 
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collaboration with the study coordinator and conducting the DXA scans at McMaster and 

overseeing them at Western. MP wrote the paper. SAA and MFM oversaw the data 

collection. All authors read and approved the final manuscript.  

 

 

Full citation: Perreault M, Atkinson S, Mottola M, Phillips S, Bracken K, Hutton E, et 

al. Structured diet and exercise guidance in pregnancy to improve health in women and 

their offspring: study protocol for the Be Healthy in Pregnancy (BHIP) randomized 

controlled trial. Trials. Trials; 2018;19(291):1–15. 

 

This article is published in open access. 
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CHAPTER 3 

FACTORS ASSOCIATED WITH SERUM 25-HYDROXYVITAMIN D 

CONCENTRATION IN TWO COHORTS OF PREGNANT WOMEN IN SOUTHERN 

ONTARIO, CANADA  
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PREFACE TO CHAPTER 3 

 

Maternal vitamin D status in pregnancy is critical to pregnancy health outcomes, the 

vitamin D status of the infant at birth, and may program bone development in childhood 

and later life. Many recent published papers cite a ‘widespread prevalence of vitamin D 

deficiency in pregnancy’. Whether this applies to pregnant women in North America is 

unclear since no population-based data on vitamin D status in pregnancy exist in Canada 

or the United States to date. Further, use of supplements containing vitamin D has 

increased over the last decade among pregnant women in North America. Our paper 

addresses the issue of widespread vitamin D deficiency by examining vitamin D status in 

pregnant women from two studies conducted ten years apart in Southwestern Ontario, 

Canada. We employed gold-standard methodology to measure vitamin D status, and 

conducted a comprehensive assessment of vitamin D intake. Because of the extensive 

phenotypic data collected in the respected studies we were able to evaluate the factors 

associated with maternal vitamin D status. Our work addresses the misconception that 

pregnant women in Canada are vitamin D deficient and should receive high dose of 

supplements.  

 

Authors’ contributions: MP conducted research for the BHIP study. MP performed 

laboratory work for the samples collected as part of the BHIP study, in collaboration with 

GF and CJM. MP analyzed data and performed all statistical analysis for both FAMILY 

and BHIP data. MP wrote the paper. SAA conceptualized and oversaw both studies, 
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obtained the grant support and had primary responsibility for the final content. SAA and 

MFM oversaw the data collection. All authors read and approved the final manuscript. 

 

Full citation: Perreault M, Moore CJ, Fusch G, Teo KK, Atkinson SA. Factors 

associated with serum 25-Hydroxyvitamin D concentration in two cohorts of pregnant 

women in Southern Ontario, Canada. Nutrients. 2019;11:123. 

 

This article is published in open access. 
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CHAPTER 4 

SUMMER SEASON AND RECOMMENDED VITAMIN D INTAKE SUPPORT 

ADEQUATE VITAMIN D STATUS THROUGHOUT PREGNANCY IN 

HEALTHY CANADIAN WOMEN AND THEIR NEWBORNS 
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PREFACE TO CHAPTER 4 

 

Vitamin D deficiency in pregnancy has been reported as a prevalent public health 

problem globally, even among women in North America. To determine the extent of such 

deficiency in our province of Ontario in Canada, we studied vitamin D metabolite profiles 

across pregnancy and explored the determinants of vitamin D status (measured as serum 

25(OH)D), as part of an assessment of bone health in pregnant women and their offspring 

in the BHIP RCT. Pregnant Canadian women provided fasting blood samples and 

detailed nutrient intake in early and late pregnancy as well as at delivery (cord blood) for 

a sub-sample. Vitamin D metabolites were quantitated by the gold standard method of 

LC-MS/MS, thereby providing reliable measures. Our findings contribute to the literature 

by providing longitudinal measures of vitamin D intake and metabolic profiles, which 

were assessed with consideration for relevant confounding variables in determining the 

factors of greatest influence on vitamin D status. Not one participant was vitamin D 

deficient at any time point. Further, in the adjusted multivariate analyses, maternal 

vitamin D status in early pregnancy was positively associated with summer season and 

supplement intake and in late pregnancy with summer season, non-milk dairy intake and 

supplement intake.  

 

Our findings suggest that in Canadian women living in southern Canada, vitamin D 

deficiency is not an issue as the summer season and adequate vitamin D intake led to 

normal maternal vitamin D status throughout pregnancy, and cord vitamin D 
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concentrations. Thus, our findings counter the widely held view that even in North 

America vitamin D deficiency in pregnancy is highly prevalent. Based on our study, this 

might be leading to the use of high dose supplements of vitamin D that may also lead to 

adverse health outcomes. We conclude that statements about the prevalence of vitamin D 

deficiency in pregnancy was be made in the context of the country/region/specific 

population and then policy about vitamin D supplementation made within the context of 

the target population. Thus, our study provides a cautionary tale. 

 

Authors’ contributions: MP conducted research, and performed laboratory analysis of 

the vitamin D metabolites in collaboration with GF. MP analyzed the data and performed 

statistical analysis. MP wrote the manuscript. SAA designed the study, obtained the grant 

support and had primary responsibility for the final content. SAA and MFM oversaw the 

data collection. All authors read and approved the final manuscript. 

 

Full citation: Perreault M, Atkinson SA, Meyre D, Fusch G, Mottola M. Summer 

season and recommended vitamin D intake support adequate vitamin D status throughout 

pregnancy in healthy Canadian women and their newborns.  

 

Accepted for publication with minor revisions in the Journal of Nutrition as of September 

23, 2019. 
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Abstract page  

Background: Vitamin D deficiency in pregnancy is reported as a prevalent public health 

problem.  

 

Objectives: To evaluate in pregnant Canadian women: (i) vitamin D intake, (ii) maternal 

and cord serum 25-hydroxycholecalciferol (25(OH)D) and maternal 1,25-

dihydroxycholecalciferol (1,25(OH)2D), and (iii) factors associated with maternal serum 

25(OH)D.  

 

Methods: Women (n = 187; mean pre-pregnancy BMI 24.4 kg/m2, mean age 31 yr) 

recruited to the Be Healthy in Pregnancy Study (NCT01693510) provided fasting blood 

samples and nutrient intake at 12-17 (early) and 36-38 (late) weeks of gestation, and cord 

blood. Vitamin D intakes (Nutritionist Pro™) and serum 25(OH)D and 1,25(OH)2D 

concentrations (LC-MS/MS) were quantitated.  

 

Results: Vitamin D intake was comparable in early and late pregnancy (median (Q1, Q3) 

= 586 (459, 859) vs 689 (544, 974 IU/day); p = 0.83), with 71% consumed as 

supplements. Serum 25(OH)D was significantly higher in late (mean ± SD) = 103.1 ± 

29.3 nmol/L) compared to early pregnancy (82.5 ± 22.5 nmol/L); p < 0.001) and no 

vitamin D deficiency (< 30 nmol/L) occurred. Serum 1,25(OH)2D concentrations were 

significantly higher in late (101.1 ± 26.9 pmol/L) compared to early pregnancy (82.2 ± 

19.2) pmol/L, p < 0.001, n = 84). Cord serum 25(OH)D concentrations averaged 55% of 
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maternal concentrations. In adjusted multivariate analyses, maternal vitamin D status in 

early pregnancy was positively associated with summer season (13.07 (5.46; 20.69), p < 

0.001) and supplement intake (est.β: 0.01, 95% CI(0.00; 0.01), p < 0.001); and in late 

pregnancy with summer season (24.4 (15.6; 33.2), p < 0.001), non-milk dairy intake (0.17 

(0.02; 0.32), p = 0.029), and supplement intake (0.01 (0.00; 0.01), p = 0.04).  

 

Conclusions: Summer season and recommended vitamin D intakes supported adequate 

vitamin D status throughout pregnancy and in cord blood at > 50 nmol/L in healthy 

Canadian pregnant women.  

 

Keywords (5-10): serum 25(OH)D, serum 1,25(OH)2D, isomers, cord blood, human 

pregnancy, vitamin D intake, bone health.  



PhD Thesis – M. Perreault; McMaster University – Medical Sciences 

89 

Introduction 

Globally, vitamin D deficiency in pregnancy is purported to be a prevalent public health 

problem (1–3). Yet, the importance of adequate maternal vitamin D status, as measured 

by serum 25-hydroxycholecalciferol (25(OH)D), to pregnancy and infant health outcomes 

has been highlighted by recent systematic reviews and meta-analyses (4–7). Despite this 

the optimal target for serum 25(OH)D in pregnancy remains undefined (8) as conflicting 

data exist as to the additional positive impact on maternal and neonatal outcomes of 

maternal 25(OH)D serum concentrations above the current threshold for adequacy set by 

the Institute of Medicine (IOM; ≥ 50 nmol/L, (9)) (4). Such diversity in observations may 

arise because of variations across protocols in the method employed to measure 25(OH)D 

concentration, timing of blood sampling across pregnancy or season (10). To our 

knowledge, no recent studies have profiled vitamin D metabolites using the gold standard 

method liquid chromatography tandem mass spectrometry (LC-MS/MS) (11) across 

uncomplicated pregnancy in women of European descent living in Canada to obtain a 

comprehensive view of the changes in metabolism inherent to pregnancy and lifestyle. 

 

Infant vitamin D status at birth is controlled by maternal serum concentrations of 

25(OH)D during pregnancy (12), yet no reference for vitamin D adequacy exists for cord 

blood, with the exception that newborn serum 25(OH)D above 25-30 nmol/L will prevent 

nutritional rickets (8). The current recommended intakes from the IOM for pregnant 

women of 600 IU vitamin D per day (9) did not evaluate the intake in pregnancy that 

would ensure adequate vitamin D status for newborns. As recently reviewed (12), debate 
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continues as reflected in papers that have challenged the IOM report indicating higher 

vitamin D intakes are required during pregnancy to ensure adequate maternal, fetal and 

neonatal health.  

 

Trying to establish consensus on adequate vitamin D intake in pregnancy is complicated 

by the fact that maternal circulating vitamin D metabolites may vary by trimester due to 

modulation by normal physiological changes in pregnancy. Progressive gestational 

weight gain in the second half of pregnancy may reduce maternal circulating 25(OH)D as 

body adiposity has been associated with lower serum 25(OH)D concentrations due to 

sequestration in  metabolic fat stores, at least in the non-pregnant state (13). Further, 

maternal serum 1,25-dihydroxycholecalciferol (1,25(OH)2D) synthesis is up-regulated to 

facilitate increased intestinal calcium absorption and trans-placental transport to the fetus 

(14). This up-regulation is reported to be independent of calcium metabolism (15). The 

rise in 1,25(OH)2D is hypothesized to be dependent on the availability of the substrate 

25(OH)D, or due to other factors such as an increased renal and placental-decidual 

synthesis of 1,25(OH)2D (12). Considering these pregnancy-induced adaptations, it is 

essential both in clinical care settings and in research settings to delineate trimester 

specific vitamin D status and how this is influenced by other maternal lifestyle factors. 

With such information women at risk of vitamin D deficiency/insufficiency can be 

targeted, and offered cost-efficient treatment or supplementation (16). 
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The objectives of this study were to determine in a cohort of pregnant women living in 

southern Canada the trajectory of vitamin D metabolites across pregnancy and the factors 

associated with observed changes by measuring: (i) intake and sources of vitamin D, (ii) 

maternal and cord 25(OH)D and maternal 1,25(OH)2D for ergocalciferol (D2) and 

cholecalciferol (D3) isomers, and (iii) factors associated with maternal serum 25(OH)D at 

12-17 weeks (early pregnancy) and 36-38 weeks of gestation (late pregnancy). 

 

Methods 

Study group 

The data presented are based on 187 out of the 241 participants enrolled in The Be 

Healthy in Pregnancy (BHIP) Study, a randomized controlled trial (RCT; Clinical Trials 

Ref: NCT01693510). The full BHIP study protocol has been published (17). This 

observational sub-study of 187 participants represent those who had detailed dietary 

intake and blood samples available for both early and late pregnancy time points. A sub-

sample of 41 participants provided cord blood.  

 

Briefly, the study protocol involved healthy pregnant women recruited from health care 

clinics in Hamilton, Burlington and London, Ontario, Canada between 12 and 17 weeks 

of gestation according to the criteria as published (17). Ethics approval was obtained from 

the Research Ethics Boards of Hamilton Health Sciences (REB Project#12-469), Western 

Ontario in London (HSREB 103272), and Joseph Brant Hospital in Burlington (JBH 000-

018-14), all located in Southern Ontario, Canada. The protocol complied with the 
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Helsinki Declaration. 

 

Maternal data collection 

Maternal demographics, pregnancy history, and physical measurements including 

skinfold thickness at four sites were obtained from each participant upon study entry as 

detailed in the research design paper (17). Fasted venous blood was collected at 12-17 

weeks of gestation and at 36-38 weeks of gestation. Season of blood draw was classified 

as winter (November to April) or summer (May-October).   

 

Dietary intake and primary food sources 

Participants completed detailed diet records for three consecutive days, consisting of two 

week days and one weekend day, including both foods and supplements, as used 

previously in pregnant women (18). No diet records with implausible intakes were 

identified (e.g. <500 or >5000 kcal/d). Participants completed a diet record upon entry to 

the study (12-17 weeks gestation) and at the end of pregnancy (36-38 week gestation). 

Diet records were analyzed using Nutritionist Pro™ diet analysis software (Version 5.2, 

Axxya Systems, Stafford, TX, USA) and the Canadian Nutrient File (version 2015) to 

obtain daily intake of vitamin D. In addition, food and supplement sources of vitamin D 

were assessed manually. Food sources of vitamin D were grouped as milk (under 

mandatory fortification with vitamin D (100 IU per 250ml at the time of the study) in 

Canada (19)), non-milk dairy products (under voluntary fortification with vitamin D in 

Canada (19)), fortified food (e.g. fortified orange juice and breakfast cereals), animal 
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sources (e.g. fish, meat and eggs), plant sources (e.g. mushrooms), and ‘others’ when a 

dish combined more than one source of vitamin D. 

 

Vitamin D status analysis  

As previously reported (20), serum 25(OH)D concentrations (D2 and D3 isomers) were 

measured by ultra-performance liquid chromatography tandem mass spectrometry 

(UPLC-MS/MS) using the Waters application note 720002748 (21) with a modified 

sample preparation from Hymoller that included a saponification step (22). Accuracy and 

precision were determined by using human serum-based quality controls and standard 

reference materials (National Institute of Standards and Technology (NIST) Standard 

Reference Material 972a as previously described (20). Precision values for 

25(OH)D3 were: intra-assay coefficient of variation (CV) 6.9 %, and inter-assay CV 8.2 

% and the average mean bias was -1.3 %. For 25(OH)D2: intra-assay CV 10.0 %, and 

inter-assay CV 10.5 % and the average mean bias was 4.2 %. These values compare with 

previously established vitamin D standardization program performance criteria, namely 

CV ≤ 10 % and mean bias ≤ 5 %. 

 

Serum 1,25(OH)2D concentrations (D2 and D3 isomers) were measured by Quest 

Diagnostics Nichols Institute (CA, USA) using LC-MS/MS (AB Sciex LLC, MA, USA) 

in a sub-group of 81 individuals for whom sample was available. The Mass Spect Gold® 

(Golden West Biologicals, Inc.®, Temecula, CA, USA) ultra-sensitive human serum 

controls were used and the intra-assay CV% generated for samples was < 10 %. The 
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reporting range for this assay was 19 - 2400 pmol/L. Daily participant testing was 

performed with intra assay controls.  

 

Statistical analysis 

The observed changes in vitamin D intake throughout pregnancy are not attributable to 

the intervention (unpublished data) hence data were treated as observational, and all 

statistical models were adjusted for factors related to the study design of the RCT. This 

included the randomization stratification variables (i.e. study arm, study site and pre-

pregnancy BMI). Statistical analysis was performed using JMP 9.0 (Version 9.0.1, SAS 

Institute Inc., Cary NC, USA) and GraphPad Prism (Version 7, La Jolla, CA). Descriptive 

statistics included the means and standard deviations of normally distributed continuous 

data; medians and quartiles (Q1 and Q3) for non-normally distributed continuous data; 

and counts and percentages for categorical data. Regression analyses were performed to 

compare values between time points and significance was established at p < 0.05. Linear 

regressions were used to assess the relationship between maternal and cord serum 

25(OH)D concentrations. Mean values are given as mean ± standard deviation if not 

stated otherwise. To determine which factors were associated with maternal vitamin D 

status, we conducted multivariable linear regression analyses. The variables of interest 

included in our multivariable regressions were decided a priori based on clinical rationale 

and evidence from the literature. The non-standardized regression coefficients and their 

corresponding 95% confidence intervals (CIs) and p-values are presented.
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Results 

Demographics 

A total of 187 participants were enrolled near the end of the first trimester of pregnancy 

(Table 1). The participants were mostly of European descent, and the ethnic composition 

of the women grouped under “Other” included Indigenous, Asian, Arab and South 

American ancestry. Participants had a mean pre-pregnancy BMI of 24.4 kg/m2 (ranging 

from 17.4-39.6 kg/m2), and university educated with a high percentage of high household 

income. About 50% of women entered pregnancy with a pre-pregnancy BMI classified as 

overweight or obese, and almost half of the participants were first time mothers. The 

participants excluded (n=54) in this report from the original data set of 241 participants 

had similar socio-demographics characteristics to the ones with a complete data set 

(n=187) (data not shown). 

(TABLE 1 NEAR HERE) 

 

Intake of total supplemental and dietary vitamin D during pregnancy 

Total vitamin D intake was comparable in early and late pregnancy (Figure 1). Total 

intakes of vitamin D met the Estimated Average Requirement (EAR; (9)) of 400 IU/day 

in 93% of participants in early pregnancy and in 97% in late pregnancy. Vitamin D intake 

from food sources alone met the EAR in only 8% of participants in early pregnancy and 

19 % in late pregnancy. Intake of vitamin D from food sources increased significantly (p 

< 0.001) from early (median 130 IU/d = 23% total intake) to late pregnancy (median 230 
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IU/d = 36%). Consumption of dairy products (i.e. milk and non-milk dairy products) 

represented the source of higher vitamin D intake from food (subsample n=129). Four 

participants exceeded the Tolerable Upper Intake Level (UL; (9)) intake of 4,000 IU/d in 

early pregnancy with the highest intake being 11,060 IU/d, and for two participants in late 

pregnancy with the highest intake being 11,050 IU/d. Exceeding the UL did not occur 

from food sources, but only when participants consumed single vitamin D supplements as 

part of their diet. Supplemental intake represented 77% (median 400 IU/d) of total 

vitamin D intake in early pregnancy, and 64% (median 400 IU/d) in late pregnancy. 

Consumption of supplements containing vitamin D was high primarily because 86% of 

participants took a daily prenatal multivitamin in early pregnancy and 81% in late 

pregnancy. An additional 14% of participants took a single vitamin D supplement in early 

pregnancy, and 16% in late pregnancy. The range of intake of vitamin D from 

supplements among participants spanned 0 to 10,000 IU/day.  

(FIGURE 1 NEAR HERE) 

 

Food sources of vitamin D intake during pregnancy 

Vitamin D-fortified milk provided the greatest proportion of dietary vitamin D and rose 

significantly from early to late pregnancy (Table 2). The second most important source of 

dietary vitamin D was animal products (i.e. eggs, fish, meat) (Table 2).   

(TABLE 2 NEAR HERE) 
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Maternal vitamin D status during pregnancy 

The mean ± SD maternal serum 25(OH)D concentration (Figure 2) rose significantly in 

late compared to early pregnancy (103.1 ± 29.3 versus 82.5 ± 22.5 nmol/L), p < 0.001, n 

= 187) and was above the cut-off for vitamin D adequacy (≥ 50 nmol/L as set by the IOM 

(9) and recommended by a global consensus recommendation for prevention of nutrition 

rickets (23)) at both time points. The isomer 25-hydroxyergocalciferol (25(OH)D2) was 

detected in minimal concentrations in only 14 participants in early pregnancy (0.51 ± 2.28 

nmol/L) and 28 in late pregnancy (0.94 ± 2.56 nmol/L), thus did not contribute 

significantly to the total serum 25(OH)D concentration. A total of 93% of participants in 

early pregnancy, and 97% in late pregnancy met or exceed the threshold representing a 

sufficient 25(OH)D concentration of 50 nmol/L. No participants were vitamin D deficient 

(< 30 nmol/L) at either time point. In contrast, 4% of participants in early pregnancy and 

22% in late pregnancy had serum 25(OH)D concentrations above the threshold of 125 

nmol/L, which might be reason for concern as suggested by the IOM (9). Total vitamin D 

intake and circulating 25(OH)D concentration were weakly positively associated in early 

pregnancy (r2 = 0.10, p < 0.001) and late pregnancy (r2 = 0.10, p < 0.01). Most 

participants who consumed a dietary vitamin D below the EAR still had sufficient serum 

25(OH)D concentrations throughout pregnancy (Figure 2). The small number of 

participants who consumed intakes (> 4000 IU/day) of vitamin D above the upper limit 

set by the IOM (9) tended to have serum 25(OH)D concentrations in early and late 

pregnancy that might be reason for concern at >125 nmol/L (Figure 2) as set by the IOM 

(9).  
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(FIGURE 2 NEAR HERE) 

 

Maternal serum 1,25(OH)2D concentrations 

In a subsample of 84 participants, the mean ± SD serum 1,25(OH)2D concentration was 

significantly higher in late pregnancy (101.1 ± 26.9 pmol/L) compared to early pregnancy 

(82.2 ± 19.2 pmol/L, p < 0.001) (Figure 3). The D2 isomer was not detected in any serum 

sample at any time points. Thus, total 1,25(OH)2D is a reflection of the D3 isomer. No 

significant association was observed between 1,25(OH)2D and serum 25(OH)D in early 

pregnancy. In late pregnancy, there was a significant weak positive association between 

1,25(OH)2D and serum 25(OH)D (r2 = 0.10, p = 0.04). Participants with insufficient 

serum 25(OH)D (30-50 nmol/L) in late pregnancy had similar serum concentrations of 

1,25(OH)2D compared to those with values above 50 nmol/L. (Figure 3). 

(FIGURE 3 NEAR HERE) 

 

Factors associated with maternal vitamin D status in pregnancy 

A multivariable analysis demonstrated that higher serum 25(OH)D concentration in early 

pregnancy was significantly associated with having blood drawn in the summer, and 

vitamin D intake from supplements (Table 3). In late pregnancy, higher maternal serum 

25(OH)D concentration was significantly associated with blood drawn in the summer, 
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vitamin D intake from supplements and vitamin D intake from non-milk dairy products 

(Table 3).  

(TABLE 3 NEAR HERE) 

 

Cord serum 25(OH)D concentrations 

Cord serum 25(OH)D concentrations at delivery (n = 41) were significantly associated 

with early and late pregnancy maternal serum concentrations (early pregnancy: r2 = 0.25, 

p < 0.001; late pregnancy r2 = 0.58, p < 0.001; Figure 4). The mean ± SD cord serum 

25(OH)D concentration was 56.1 ± 23.6 nmol/L. Cord serum 25(OH)D concentrations 

averaged 55% of maternal 25(OH)D concentrations at the end of pregnancy (range 26-

79%; Figure 5). 

(FIGURES 4 and 5 NEAR HERE) 

 

Discussion 

Contrary to the reports of global widespread vitamin D deficiency in pregnant women 

including in North America (1–3), vitamin D deficiency defined as serum 25(OH)D < 30 

nmol/L was not detected in this cohort of pregnant women living in southern Ontario, 

Canada, who were mainly of European descent taking a daily prenatal multivitamin. 

Further, maternal serum 25(OH)D concentrations actually increased significantly from 

early to late pregnancy by 25% and serum 1,25(OH)2D concentrations by 23% when 
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measured by the gold standard LC-MS/MS, despite the two metabolites being only 

weakly correlated in late but not early pregnancy. These results are in line with those of a 

systematic review of 20 observational cross-sectional studies that found no association 

between serum 25(OH)D and 1,25(OH)2D at the end of pregnancy (24). Our vitamin D 

metabolite profiles expand on this body of literature by having repeated measures in early 

to late pregnancy and support recent findings (8,12) suggesting that the concentration of 

serum 25(OH)D is not the driver of the observed rise in 1,25(OH)2D from early to late 

pregnancy. Thus, our results challenge the hypothesis (15,25) of a direct positive 

relationship between the circulating substrate 25(OH)D and the active form 1,25(OH)2D 

produced in pregnant women with adequate vitamin D status. Instead, it is postulated that 

other mechanisms are at play such as the increased production of 1,25(OH)2D by the 

maternal kidneys independent of parathyroid hormone stimulation and/or the placental-

decidual tissue through stimulation of Cyp27b1 by placental hormones leading to a higher 

conversion rate of 1,25(OH)2D (15). 

 

The finding that most women had adequate vitamin D status despite intakes both above 

and below the EAR is explained by the significant positive association of maternal serum 

25(OH)D with summer season, thus contributing to cutaneous de novo synthesis of 

vitamin D. Women with excessive vitamin D intake due to high supplement intake had 

serum 25(OH)D concentrations above the 125 nmol/L concentrations that might be 

reason for concern as recommended by the IOM (9). Results from a systematic review 

and meta-analysis including 12 RCTs suggested that a vitamin D supplementation of 
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2,250 IU/d is required for pregnant women to achieve sufficient circulating 25(OH)D 

concentrations, in this case defined as 25(OH)D > 75 nmol/L (1). In contrast, a recent 

RCT from Ireland suggested a total daily maternal intake of 1150 IU/d of vitamin D is 

required to maintain maternal serum 25(OH)D concentrations >50 nmol/L (8). Our results 

do not support either of these conclusions as 63% of women in early and 86% of women 

in late pregnancy with mean intakes of 647 IU/D and 713 IU/D, respectively, had serum 

25(OH)D > 75 nmol/L and 94% in early and 97% in late pregnancy had serum 

concentrations > 50 nmol/L. We hypothesize that the discrepancies between estimates of 

vitamin D intake are likely due to sunshine exposure and women’s skin color, which 

directly influence vitamin D status as noted in a systematic review that concluded, “we 

could not exclude the influences from sun exposure, skin characteristics, dietary intake, 

and vitamin D intake because these confounding factors were not assessed in the 

available RCT data” (1). Such inconsistency in predictions of optimal vitamin D intake in 

pregnancy underlie the lack of consensus on recommended dietary intake as well as 

serum 25(OH)D concentrations for clinical benefits in pregnant women. In another 

approach, it was suggested that a serum 25(OH)D concentration of 100 nmol/L is needed 

for optimal conversion of 25(OH)D to the active form of vitamin D by the Cyp27b1 

enzyme, maximising its potential health benefits (26,27). We did not see such a 

relationship in our study as we observed a weak association between serum 25(OH)D and 

1,25(OH)2D and only in late pregnancy.  
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The observed 23% rise in serum 1,25(OH)2D concentration from early to late pregnancy 

is within the range of 10% to 54% reported by some (28–31) but not other (32) 

observational studies that have measured this metabolite across pregnancy However, our 

serum 1,25(OH)2D concentrations in early and late pregnancy are lower than reported in 

these studies which ranged from 136.0 to 290.0 pmol/L in early pregnancy and from 

212.0 to 371.8 pmol/L in late pregnancy (28–31). This is likely due to the fact that most 

studies used an immunoassay and not mass spectrometry (28–30), yielding potentially 

higher circulating concentrations. Indeed, as reported by the Vitamin D External Quality 

Assessment Scheme (DEQAS; (33)), 1,25(OH)2D concentrations measured by LC/MS-

MS tend to be lower than when measured by immunoassays. Unlike 25(OH)D, no 

reference material from the NIST (34) exists for 1,25(OH)2D making it difficult to assess 

a ‘true’ value. As noted by the DEQAS committee (33), large variability exists among 

assays, highlighting the need for measuring 1,25(OH)2D by the gold standard method LC-

MS/MS. Our average mean bias for 25(OH)D3 using the NIST reference material 

measured by LC-MS/MS was -1.3%, which makes us confident in the method employed 

and in our results for 1,25(OH)2D.  

 

In the Canadian context, detection of the D2 isomer is not important as for both 25(OH)D 

and 1,25(OH)2D the D2 isomer did not contribute to the overall status. This likely is a 

reflection of limited food sources of vitamin D2 in the Canadian food chain. Our results 

align with those from another Canadian pregnancy cohort from northern Alberta where 

the reported 25(OH)D2 concentrations (median (Q1,Q3)) measured by LC-MS/MS were 
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2.9 (1.7, 4.4) nmol/L, contributing very little to the overall 25(OH)D status of 92.7 (79, 

109.4) nmol/L in 537 pregnant women in their second trimester (35). Although in Canada 

most food sources and supplements on the market provide vitamin D3, new plant-based 

and vegetarian/vegan products supplemented with vitamin D2 are emerging and might 

contribute to serum 25(OH)D2 concentrations in some consumers in the future. Season at 

time of blood draw was the factor most strongly associated with maternal 25(OH)D 

concentrations in early and late pregnancy, indicating the importance of sunshine 

exposure as reported by other Canadian (36,37) and non-Canadian studies (31,38,39). But 

winter season did not adversely impact maternal serum 25(OH)D concentrations across 

pregnancy, as values were above 50 nmol/L for most women all year round likely owing 

to the consistent consumption of supplements containing vitamin D even at the amount of 

400 IU/day.  

 

As was expected, cord serum 25(OH)D concentrations were significantly associated with 

maternal concentrations, and reflected general adequacy as indicated by concentrations 

above 30 nmol/L; only 6 samples were < 30 nmol/L, aligning with results from others in 

Canada (37,40,41). Newborn serum 25(OH)D concentrations were 55% of the maternal 

concentrations in late pregnancy, which is within the range of some non-Canadian reports 

(usually 50-80% (12)) and slightly lower than reported in Canadian cohorts (ranging 

between 72% (40) and 127% (37)). The lower percent of cord blood:maternal 25(OH)D 

we observed may reflect the high maternal vitamin D status in our cohort at the end of 

pregnancy (e.g. > 100 nmol/L) compared to other cohorts (37,40). A threshold of 25 
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nmol/L and 30 nmol/L has been suggested to prevent nutritional rickets in infants (8). To 

our knowledge, no evidence exists that cord blood 25(OH)D beyond 50 nmol/L confers 

any clinical benefit to the offspring. However, excessive circulating 25(OH)D 

concentration (> 125 nmol/L) in pregnancy was associated with infants that were smaller 

at 6 months of age compared to infants of women with maternal status < 125 nmol/L (42). 

 

Strengths of the current study include the prospective and repeated assessment of vitamin 

D intake and status from early to late pregnancy and in cord blood. Vitamin D metabolites 

were measured using the gold standard method (43) and included both the D2 and D3 

isomers of 25(OH)D as well as 1,25(OH)2D. Our study was seasonally balanced as we 

continuously recruited over 4 years, and included women with a wide range of pre-

pregnancy BMI and body fat mass. Some limitations of our study also must be 

considered. The cohort of pregnant women was fairly homogenous, being primarily of 

European descent and highly educated. This might limit the generalizability of our 

findings to an ethnically diverse population as occurs in some areas of Canada. Also, the 

women were not vitamin D deficient and only a small percentage were vitamin D 

insufficient, so the results regarding factors associated with maternal status might not be 

extrapolated to pregnant women with low vitamin D status. Although we have recorded 

season, the lack of quantitative measurement of sun exposure limits the interpretation of 

the results, as there might be differences between an individual’s exposure due to variable 

time spent doing outdoor activities, clothing coverage and use of sunscreen.  
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In conclusion, although both vitamin D metabolites increased throughout pregnancy, they 

were only weakly correlated in late pregnancy. This suggests that vitamin D status per se 

does not drive the rise in 1,25(OH)2D observed in pregnancy but rather other factors 

might be at play such as up-regulated synthesis in renal, placental or decidual tissue (12). 

In our population, being pregnant in the summer season and achieving currently 

recommended vitamin D intake supported adequate maternal vitamin D status throughout 

pregnancy, which was linked to cord vitamin D status > 50 nmol/L. Our results do not 

corroborate the reported widespread vitamin D deficiency in pregnant women (1,3) and 

highlight the importance of considering the context of the cohort or population under 

study when assessing vitamin D status, as factors such as sun exposure, ethnicity, and 

dietary intake influence maternal status (10). Global recommendations for vitamin D 

supplementation in pregnancy beyond regular prenatal multivitamin may lead to 

excessively high serum concentrations of 25(OH)D as we have observed. Based on 

emerging evidence, excessive maternal vitamin D status may also be associated with 

adverse outcomes (42). Future steps include investigating the association of maternal 

25(OH)D concentrations with pregnancy and neonatal health outcomes, as part of the 

randomized controlled BHIP trial. 
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Table 1. Demographic characteristics of pregnant women (n = 187) upon study entry (12-

17 wk) and newborns (n = 41) at birth. Values are mean ± SD or (range) or frequency 

(percentage). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Maternal characteristics   n = 187 
Gestational age (week) 13.3 ± 1.7  
Age (year), mean (range) 31 (20-42) 

Pre-pregnancy BMI (kg/m2), N (%)  

Underweight          <18.5  
Normal weight 18.5-24.9  
Overweight      25.0-29.9  
Obese                        ≥30  

3 (1) 
103 (55) 
50 (27) 
31 (17) 

Ethnicity, N (%) 
European ancestry 
Other 

 
164 (88) 
23 (12) 

Household income (CAD), N (%) 
<$ 75K/year 
≥$ 75K/year 

 
49 (26) 
138 (74) 

Education (highest degree), N (%) 
High school 
College diploma 
Bachelor’s degree 
Above bachelor’s degree 

 
3 (2) 

34 (18) 
62 (33) 
88 (47) 

Parity, N (%) 
0 
1+ 

 
89 (48) 
98 (52) 

Newborn characteristics n = 41 
Gestational age (week) 39.4 ± 1.1 
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 Table 2: Mean total, supplemental and dietary vitamin D intake, including food 

sources of vitamin D in pregnant women (n = 129) in early (12-17 wk) and late 

pregnancy (36-38 wk).  

 Vitamin D sources  
(IU, % of total food intake) p-value between  

time points Early pregnancy Late pregnancy 
Milk 68 (39) 143 (54) < 0.05 
Non-milk dairy 12 (7) 27 (10) < 0.05 
Fortified food 31 (17) 21 (8) 0.22 
Animal sources 52 (31) 55 (22) 0.80 
Plant sources 1 (1) 1 (0) 0.68 
Others 9 (5) 16 (6) < 0.05 
Total food sources of 
vitamin D (IU/d) 174 263 < 0.05 

Supplemental sources of 
vitamin D (IU/d) 400 400 0.38 

Total intake of vitamin D 
(IU/d) 574 663 0.83 
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Table 3: Multivariable analysis of factors associated with maternal serum 25(OH)D 

concentrations in pregnant women (n = 187) in early (12-17 wk) and late pregnancy (36-

38 wk).  

 

 

Variables 
Early pregnancy Late pregnancy 

Estimated 
coefficient 95%CI p-value Estimated 

coefficient 95%CI p-value 

Season of blood draw 
(winter as reference)  13.07 5.46, 20.69 <0.001 24.35 15.55, 33.16 <0.001 

Sum of skinfold -0.14 -0.41, 0.13 0.312 0.06 -0.20, 0.32 0.654 
Vitamin D intake from 
supplements 0.01 0.00, 0.01 <0.001 0.01 0.00, 0.01 0.001 

Vitamin D intake from milk 0.01 -0.05, 0.07 0.779 0.01 -0.04, 0.05 0.843 
Vitamin D intake from non-
milk dairy products 

0.03 -0.16, 0.23 0.734 0.17 0.02, 0.32 0.029 
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Figure 1. Maternal dietary intake of vitamin D, including food and supplement sources in 

pregnant women (n = 187) in early (12-17 wk) and late pregnancy (36-38 wk). Values are 

displayed as median and interquartile ranges. 

 

Legend Figure 1: Dotted lines: Recommendations for pregnancy by the Institute of 

Medicine (9); * Different between early and late pregnancy, p < 0.001. 
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Figure 2: Maternal serum 25(OH)D concentration (mean ± SD) grouped by adequacy of 

vitamin D intake in pregnant women (n = 187) in early (12-17 wk) and late pregnancy 

(36-38 wk). 

 

Legend Figure 2: Dotted lines: Recommendations for pregnancy by the Institute of 

Medicine (9); * Different between early and late pregnancy, p < 0.001.  
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Figure 3: Maternal serum 1,25(OH)2D concentrations (mean ± SD) grouped by maternal 

vitamin D status in pregnant women (n = 84) in early (12-17 wk) and late pregnancy (36-

38 wk).  

 

Legend figure 3: Recommendations for pregnancy by the Institute of Medicine (9): 

Insufficient serum 25(OH)D: 30-50 nmol/L; Sufficient serum 25(OH)D: ≥ 50 nmol/L; 

Excessive serum 25(OH)D: ≥ 125 nmol/L. Dotted lines: non-pregnancy female adult 

range values as reported by the Mayo Clinic Laboratories (44). * Different between early 

and late pregnancy, p < 0.001. 
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Figure 4: Relationship between maternal and cord serum 25(OH)D concentrations 

(individual values displayed; n = 41) in mother-infant dyads in early (12-17 wk) and late 

pregnancy (36-38 wk). 

 

Legend Figure 4: Dotted lines: Recommendations for pregnancy by the Institute of 

Medicine (9). For cord serum, threshold of 25 nmol/L and 30nmol/L recommended to 

prevent nutritional rickets (8). 
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Figure 5: Maternal and cord serum 25(OH)D concentrations (mean ± SD) in mother-

infant dyads (n = 41) in early (12-17 wk) and late pregnancy (36-38 wk), and at delivery. 

 

Legend Figure 5: * Different between early and late pregnancy, p < 0.001. 
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CHAPTER 5 

 

INDIVIDUALIZED HIGH DAIRY PROTEIN + WALKING PROGRAM SUPPORTS 

BONE HEALTH IN PREGNANCY: A RANDOMIZED CONTROLLED TRIAL
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PREFACE TO CHAPTER 5 

 

Evidence exists that pregnancy and lactation in the post-partum are associated with 

maternal bone mineral mobilization, which may be further compromised if dietary 

protein, calcium, vitamin D and physical activity are sub-optimal. To determine the 

impact of a Nutrition and Exercise intervention in pregnancy, we conducted a randomized 

controlled trial (RCT) in healthy pregnant women from Southern Ontario. We 

hypothesized that the high dairy protein diet + walking program would reduce maternal 

bone turnover during pregnancy, but that the benefits would not be sustained in the post-

partum period.  

 

Our findings contribute to the literature as most interventions to date focused on calcium 

or vitamin D supplements, with only one small RCT having used milk powder to 

supplement women with calcium. Our intervention is novel as it includes a practical 

nutrition component using dairy foods, in combination with an exercise component 

consisting of walking, a feasible activity for women throughout pregnancy, to maximize 

the potential impact on maternal bone health markers.  

 

Our study contributes normative biochemical measures of bone status for women in the 

periconceptual period, as we globally evaluated maternal bone health by calciotropic and 

bone biomarkers throughout pregnancy and the post-partum, and complemented our 
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assessment by a maternal whole body and lumbar spine bone mineral density scan by 

dual energy absorptiometry at six months post-partum. We also measured bone 

biomarkers in cord blood, providing insights into how maternal bone status impacts fetal 

bone metabolism. We conducted detailed assessment of dietary practices and lactation 

practices throughout pregnancy and the post-partum period, as these factors are often 

overlooked despite their importance in modulating maternal bone metabolism in the 

periconceptual period. 

 

The results demonstrated a lower serum concentration of the bone resorption marker 

CTX in women randomized to the intervention group when compared to the control 

group, and increasing concentrations of the bone formation marker PINP across 

pregnancy and the post-partum, suggesting that our intervention might preserve maternal 

bone health in pregnancy. Thus, our findings propose a feasible intervention that may 

ameliorate the transient bone loss reported to be associated with pregnancy.  

 

Authors’ contributions: MP conducted the core study visits with the participants, with 

the exception of the intervention so to remain blinded to the group allocation. MP 

performed laboratory analysis for all the biomarkers and the DXA scans, in collaboration 

with the study coordinator. MP analyzed data and performed statistical analysis. MP 

wrote the paper. SAA designed the study, obtained the grant support and had primary 

responsibility for the final content of the paper. SAA and MFM oversaw the data 

collection. All authors read and approved the final manuscript. 
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Full citation: Perreault M, Atkinson SA, Mottola MF, and the BHIP study team. 

Individualized high dairy protein + walking program supports bone health in pregnancy: 

a randomized controlled trial.  

 

To be submitted to the American Journal of Clinical Nutrition, Fall 2019. 
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Abstract  

 

Background: Pregnancy induces bone mineral mobilization, which may be further 

compromised if diet and physical activity are sub-optimal. 

 

Objective: To determine the effects of a Nutrition+Exercise intervention during 

pregnancy on maternal calciotropic and bone biomarker profiles throughout pregnancy 

and the post-partum. 

 

Design: In the Be Healthy in Pregnancy (BHIP) RCT, 203/241 women consented at 

randomization (12-17 weeks (wk) gestation) to the bone health sub-study and received 

either usual care (control) or a Nutrition+Exercise intervention that provided an 

individualized high protein diet (50% as dairy products) and a walking program (10,000 

steps/day) throughout pregnancy. Serum total procollagen type I N-terminal propeptide 

(bone formation), C-terminal telopeptide of type I collagen (bone resorption), and insulin-

like growth factor-1 were measured by ELISA, and vitamin D metabolites by ultra-

performance liquid chromatography tandem mass spectrometry at early and late 

pregnancy, six months post-partum, and in cord blood. Maternal whole body and lumbar 

spine bone mineral density (BMD) were measured by dual energy absorptiometry scan at 

six months post-partum. 
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Results: A total of 187/203 participants completed all measures. Intakes of protein 

(median (Q1, Q3): 107 (87, 124) versus 86 (70, 105) g/day, p < 0.0001) and calcium 

(1762 (1375, 2052) versus 1208 (931, 1579) mg/d, p < 0.0001) were significantly higher 

in the intervention versus control group across second and third trimesters of pregnancy. 

Intervention compared to control participants had significantly lower maternal 

concentrations of CTX by the end of pregnancy (mean (SD): 0.78 (0.31) ng/mL versus 

0.89 (0.33) ng/mL; p = 0.038; n = 96). Serum 25(OH)D status was > 50 nmol/L for 97 % 

of participants, and other bone markers were similar between groups. No differences in 

BMD z-score at both skeletal sites were observed between groups. 

 

Conclusion: Higher maternal dietary protein and calcium intakes compared to usual care 

minimized bone resorption and maintained bone formation, thus conferring a protective 

effect on maternal bone health. 

 

Keywords: serum PINP, serum CTX, serum IGF-1, pregnancy, post-partum, cord blood, 

bone health 
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Introduction 

Maternal bone metabolism changes during pregnancy and the post-partum period to 

accommodate the increased nutrient demands for fetal and infant skeletal formation (1,2).  

The maternal bone mineral mobilization that occurs during pregnancy and lactation 

results in a transient bone loss (reviewed in (3)). In observational studies in pregnancy 

serum markers of bone resorption and bone formation increased from early to late 

pregnancy, peaking in the third trimester when fetal bone accrual is at its highest (4–7). A 

reduction of up to two percent of bone mineral density at one or more skeletal sites, as 

measured by dual-energy x-ray absorptiometry (DXA), was reported in a review of 

observational studies from pre-pregnancy to six weeks post-partum (3). During the post-

partum period up to six months, mobilization of maternal skeleton occurs in association 

with lactation, leading to a transient loss of between five to seven percent of bone mineral 

density at the lumbar spine (8–11). To date, no recent studies have completed a 

comprehensive assessment of bone metabolism changes prospectively and repeatedly in 

the perinatal period, measuring serum bone biomarkers to complement measures of bone 

mineral content/density assessed by gold standard methods. 

 

Although recent RCTs have employed single supplements of calcium (12,13) or vitamin 

D (14) to promote maternal bone health in pregnancy, there is scant knowledge of the 

influence of dairy foods on bone health in women in the periconceptual period. To our 

knowledge, only one small RCT including Chinese women (N=36) assessed the impact 

of a maternal calcium supplementation provided by milk powder on maternal bone health 
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outcomes, showing a positive benefit to bone mass density (15). Consumption of dairy 

products provides high quality dietary protein and calcium, as well as supporting calcium 

absorption due to the concomitant increase in vitamin D intake (if milk is fortified) and 

the whole food matrix (16). Dairy products are hypothesized to promote bone health 

during pregnancy, with potential sustained effects in the post-partum period (17). 

 

Maternal habitual dietary intake throughout pregnancy and post-partum are often not well 

documented in studies looking at bone health (3) despite the importance of nutrition on 

normal bone turnover. As well, lactation is not often described and can encompass 

various lactation practices that may underlie the extent and duration of maternal bone loss 

in the post-partum period (18). Very few structured and personalized lifestyle 

interventions have been conducted during pregnancy with the goal to optimize maternal 

bone health and monitor the sustained impact in the post-partum period. It is unclear if 

optimized lifestyle, including nutrition and physical activity, can counterbalance the 

physiological changes associated with pregnancy that adversely influence bone health 

status. Whether the effect of an intervention during pregnancy is sustained in the post-

partum period until cessation of lactation, has also not been explored. To address these 

gaps in knowledge we designed a structured lifestyle intervention that started early in 

pregnancy, using food rather than single nutrient supplementation, to measure the impact 

of optimized nutrition and exercise on maternal bone metabolism during and after 

pregnancy. Further, we measured the bone biomarker profiles in cord blood to assess the 

impact of the intervention on fetal bone metabolism. The objectives of this study were to 
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determine the effect of a maternal Nutrition+Exercise intervention in comparison to a 

control (usual care) group during pregnancy on i) maternal bone biomarkers from early 

(12-17 weeks) to late (36-38 wk) gestation, at six months post-partum, and in cord blood; 

and on ii) maternal bone mass at six months post-partum.  

 

Subjects and Methods 

Study design 

Of the 241 participants enrolled and randomized in The Be Healthy in Pregnancy (BHIP) 

study, a randomized controlled trial (RCT; Clinical Trials Ref: NCT01693510), 203 

participants consented to be included in the Bone-BHIP sub-study. The full BHIP study 

protocol, including details of this sub-study Bone-BHIP has been published (19).  

 

Healthy pregnant women were recruited from health care clinics in Hamilton, Burlington 

and London, Ontario, Canada between 12 and 17 weeks gestation. Ethics approval was 

obtained from the Research Ethics Boards of Hamilton Health Sciences (REB 

Project#12-469), Western Ontario in London (HSREB 103272), and Joseph Brant 

Hospital in Burlington (JBH 000-018-14), all in Southern Ontario, Canada. The protocol 

complied with the Helsinki Declaration. 

 

Experimental treatment  

After baseline measures, participants were randomized to either a structured 

Nutrition+Exercise program (intervention) or to the control group (usual care) for the 
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duration of their pregnancy. Briefly, the intervention consisted of a monitored and 

personalized Nutrition and Exercise program starting at 12-17 wk gestation and continued 

until delivery. The nutrition component was an individualized nutrition plan tailored to 

each participant’s energy requirements with a high protein content (target of 25% protein 

energy) provided primarily by low fat dairy foods (i.e. milk, Greek yogurt and cottage 

cheese). The exercise component was a monitored walking program, with the goal of 

10,000 daily steps and 4 walks of 45 minutes each per week as previously shown to 

reduce the risks of excessive gestational weight gain, which was the primary outcome of 

the core BHIP study (20).  

 

Maternal data collection 

Maternal demographics, pregnancy history, and physical measurements including 

skinfold thickness, were obtained from each participant upon study entry and throughout 

pregnancy as published previously (19). Season at enrollment (12-17 wk gestation) was 

defined as summer (May-October) or winter (November to April). Fasted venous blood 

was collected in the morning at 12-17 wk and 36-38 wk gestation, and at six months post-

partum. Cord venous blood was collected at delivery in a subgroup of 45 newborns when 

consent was obtained. Lactation practices were obtained through questionnaires at three 

months and six months post-partum and classified as ‘Exclusively breastfeeding’, 

‘Breastfeeding and expressing breast milk’, ‘Did breastfeed and/or expressed, but has 

stopped’, or ‘Never lactated’.  
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Dietary intake and physical activity  

At 12-17 wk, 26-28 wk and 36-38 wk gestation, and at six months post-partum 

participants completed three-day diet records over two week days and one weekend day 

that included both foods and supplements. Study nutritionists analyzed diet records using 

Nutritionist Pro™ diet analysis software (Version 5.2, Axxya Systems, Stafford, TX, 

USA) and the Canadian Nutrient File (version 2015) to obtain daily intake of nutrients. 

At the same time points, steps counts were measured using the SenseWear® armband tri-

axis accelerometer (Model MF-SW; BodyMedia® Inc., Pittsburgh PA).  

 

Bone turnover by bone biomarkers and vitamin D metabolites  

Serum bone formation marker total procollagen type I N-terminal propeptide (PINP) and 

resorption marker C-terminal telopeptide of type I collagen (CTX) were assessed by 

enzyme-linked immunosorbent assays (ELISA) following manufacturer’s instructions 

(P1NP, Cloud Clone Corp, Houston, USA; CTX, IDS Serum Crosslaps, UK). Insulin-like 

growth factor-1 (IGF-1) was assessed by ELISA following manufacturer’s instructions 

(R&D Systems, Minneapolis, USA). Intra-assay and inter-assay coefficient of variation 

were the following: PINP: 16.9%, 16.45%; CTX; 1.9%, 13.3%; IGF-1: 5.0%, 17.0%. 

 

Serum 25(OH)D concentrations were measured by ultra-performance liquid 

chromatography tandem mass spectrometry (UPLC-MS/MS) using the Waters 

application note 720002748 (21) with a modified sample preparation from Hymoller that 

included a saponification step (22) as published previously by our team (23). Serum 
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1,25(OH)2D concentrations were measured by Quest Diagnostics Nichols Institute (CA, 

USA) using LC-MS/MS (AB Sciex LLC, MA, USA) as previously published by our 

team (24).  

 

Bone mass by dual-energy absorptiometry (DXA) scan 

Maternal whole body bone mineral density (BMD) and lumbar spine BMD were 

measured by dual-energy absorptiometry (DXA) scan at six months post-partum in 

supine position (QDR®4500 series Hologic Inc. Discovery™ DXA machine, Waltham, 

MA, USA; Adult whole body software version 12.3.1 at the Hamilton study site; General 

Electric-Luna iDXA, Ames Medical enCORE, Version 14.1, Waukesha, WI, USA; 

CoreScan, GE at the London study site). The CV for BMD was 0.35%. If considerable 

movement was seen in one limb but not the other, the well-captured limb was used as a 

surrogate, as validated by our group (25). Any scans with unsalvageable distortions due 

to movement were discarded. Maternal DXA scan whole body BMD and lumbar spine 

BMD results are reported as z-scores using the software database as reference population. 

 

Statistical analysis 

Statistical analysis was performed using JMP 9.0 (Version 9.0.1, SAS Institute Inc., Cary 

NC, USA) and GraphPad Prism (Version 7, La Jolla, CA). Descriptive statistics included 

the means and standard deviations of normally distributed continuous data; medians and 

quartiles (Q1 and Q3) for non-normally distributed continuous data; and counts and 

percentages for categorical data. Mean values are given as mean and standard deviation if 
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not stated otherwise. Data were treated with a per protocol approach, including complete 

cases for the primary outcomes. Changes in calciotropic hormones and bone biomarkers 

throughout pregnancy and the post-partum period are reported based on one-way 

ANOVA. Differences between groups are reported based on regression analysis adjusted 

for randomization stratification variables (i.e. study site, pre-pregnancy BMI), maternal 

baseline status for each analyte, season at enrollment, maternal sum of skinfold, and 

lactation practices for outcomes measured in the post-partum. For regression analysis, 

the assumptions were assessed for all linear outcomes. For those that violated the 

normality assumption, other transformations (i.e. log, ln, square root, cube root) were 

explored to find a more appropriate model. However, in some cases, normality could not 

be achieved and has been stated in the results section. In such cases, interpretations of 

results should be done with caution. The non-standardized regression coefficients and 

their corresponding 95% confidence intervals (CIs) and p-values for the regression 

analyses are presented.  

 

Results 

Demographics and baseline data 

Figure 1 represents the flow diagram of the Bone-BHIP study. A total of 18 participants 

were lost to follow-up at the end of pregnancy and did not provide primary outcomes. 

Hence the final sample size is 187 participants. No differences in demographic 

characteristics were observed between the participants from this sub-study when 
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compared to the whole BHIP study sample (data not shown). No differences in birth 

outcomes (i.e. gestational age, birth weight, birth length and birth APGAR scores) were 

observed between infants for whom cord blood was provided when compared to all 

infants of participants in the Bone-BHIP study. Reasons for loss to follow-up for 18 

participants consented to the Bone-BHIP study are detailed in Figure 1. Participants were 

mostly of European descent, holding a university degree and with a moderate-to-high 

household income (Table 1). About half of the participants entered pregnancy with a pre-

pregnancy body mass index (BMI) classified as overweight or obese, ranging from 17.4 - 

39.6 kg/m2.  

(TABLE 1 NEAR HERE) 

 

Dietary intake response to the intervention  

While protein intakes were similar between groups prior to randomization (Table 2), 

participants in the intervention group consumed a significantly higher amount of total 

protein, and protein from dairy products, when compared to participants in the control 

group at mid-pregnancy and end of pregnancy (Table 2). At six months post-partum, the 

participants from the intervention group continued to consume significantly more protein 

from dairy foods compared to the control group (Table 2) but total protein intakes were 

similar between groups. Maternal dietary intakes of calcium pre-randomization were 

similar between groups, and met recommended intakes (> Estimated average requirement 

(EAR) 800 mg/d) in 85-88 % of participants (Table 2). Participants in the intervention 
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group consumed significantly higher amounts of calcium at mid-pregnancy and at the end 

of pregnancy compared to participants in the control group, but this was not sustained at 

six months post-partum (Table 2). Vitamin D intake was comparable between groups at 

all time points, and met recommendations (> EAR = 400 IU/d) in 84-85 % of participants 

at baseline at enrolment, 89-96 % at mid-pregnancy, and 87-92 % at the end of pregnancy 

(Table 2). Vitamin D intake decreased at six months post-partum compared to 

pregnancy, and was adequate for only 54-59 % of participants (Table 2).  

(TABLE 2 NEAR HERE) 

 

Bone biomarker response to the intervention  

All maternal bone biomarker concentrations were similar between groups at baseline 

(Table 3). At the end of pregnancy participants in the intervention group had 

significantly lower mean serum concentrations of the bone resorption marker CTX when 

compared to the control group (Table 3). No significant differences in serum 

concentrations of the other bone biomarkers were observed between treatment groups at 

the end of pregnancy, nor at six months post-partum (Table 3).  

(TABLE 3 NEAR HERE) 

 

Bone biomarkers changes throughout pregnancy and the post-partum period 
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Serum concentrations of PINP rose significantly from early pregnancy to the post-partum 

for participants in the intervention group only (Table 3; ANOVA F-value, p-value: 

Intervention 4.08, 0.018; Control 2.77, 0.065). Serum concentrations of CTX changed 

significantly across pregnancy and the post-partum period in both groups (Table 3; 

ANOVA F-value, p-value: Intervention 57.9, <0.0001; Control 68.1, <0.0001). Serum 

concentrations of IGF-I changed significantly over pregnancy and the post-partum period 

for both groups (Table 3; ANOVA F-value, p-value: Intervention 130.1, <0.0001; 

Control 135.8, <0.0001). No participant had vitamin D deficiency (serum 25(OH)D < 30 

nmol/L) at baseline and adequate vitamin D status was maintained throughout pregnancy 

and the post-partum as previously published (24). Serum 25(OH)D concentrations 

changed significantly over the pregnancy and post-partum period in both groups 

(ANOVA F-value, p-value: Intervention 29.08, <0.0001; Control 27.16, <0.0001) and 

remained above 50 nmol/L at all time points (Table 3).. Serum concentrations of 

1,25(OH)2D significantly changed throughout the pregnancy and the  post-partum period 

in both groups (Table 3; ANOVA F-value, p-value: Intervention 66.24, <0.0001; Control 

57.76, <0.0001).  

 

Cord serum bone biomarker response to the intervention 

Cord blood concentrations of bone resorption marker CTX were significantly lower in 

participants in the intervention group compared to the control group (Table 4). Serum 

concentrations of other biomarkers were similar between groups (Table 4).  
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(TABLE 4 NEAR HERE) 

 

Response of maternal bone mass at six months post-partum to the intervention  

In a sub-group of participants with successful DXA scans at six months post-partum 

(n=142), mean maternal whole body BMD z-score and lumbar spine BMD z-score were 

similar between groups (Table 5). 

(TABLE 5 NEAR HERE) 

 

Discussion 

A personalized and monitored nutrition and exercise intervention during pregnancy that 

optimized dietary intakes of essential bone nutrients, particularly protein and calcium, led 

to lower maternal bone resorption at the end of pregnancy compared to usual care with 

self-selected diets. Further, serum PINP concentrations rose significantly across 

pregnancy and the post-partum in participants in the intervention group but remained 

stable in the control group. Serum concentrations of the growth marker IGF-1 rose 

similarly across pregnancy and the post-partum in both groups, consistent with results 

from a controlled cohort study of women followed from pre-conception to the post-

partum (4). Collectively, bone turnover appears to favour formation in response to the 

intervention without excessive IGF-1 present, suggesting that the intervention conferred a 

protective effect on maternal bone health, and could represent a feasible intervention to 
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attenuate transient skeletal loss associated with pregnancy.  

 

From our analysis, the impact of the nutrition versus the exercise component of the 

intervention is somewhat difficult to decipher. However, as observed in the core study 

(manuscript in preparation), exercise measured as step counts by accelerometry did not 

differ between intervention and control groups neither at baseline nor at the end of 

pregnancy. Daily steps counts ranged from 4800 to 6300 steps/d for participants in both 

groups throughout pregnancy, and equated to a ‘low active’ activity level (20). Thus, the 

BHIP RCT intervention could be considered primarily a dietary intervention, as the 

exercise intervention component did not lead to increased daily steps counts at any time 

point during pregnancy. We can surmise that the higher protein and calcium intakes as 

observed in the intervention group, supported by adequate vitamin D status, played the 

major role in suppressing bone resorption and promoting bone formation. Our results 

align with the only other RCT using dairy products to promote bone health in pregnancy 

(15). Calcium supplementation through milk powder in 36 Chinese pregnant women led 

to a significant dose-dependent reduction in urinary bone resorption marker at the end of 

pregnancy, when compared to no supplementation (15). Our results contribute to the 

limited evidence to date, and suggest that dairy products might confer an advantage over 

single nutrient supplementation during pregnancy on maternal bone health outcomes.  

 

The difference in serum CTX between groups was not sustained at six months post-

partum, likely reflecting the fact that higher dietary intakes of calcium and total protein 
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provided by the intervention were not maintained. Participants were instructed to follow 

the Nutrition+Exercise intervention until delivery, after which participants in the 

intervention group somewhat reduced their intake of dairy foods so that dietary intake of 

total protein and calcium was similar between the former treatment groups. No 

differences were observed between groups in serum concentrations of any of the other 

bone biomarkers, not surprisingly as these measures reflect short-term changes (26) and 

respond to dietary changes (27).  

 

Our regression analysis models for biomarker outcomes were carefully controlled for 

factors beyond dietary intake that might influence circulating bone biomarkers including 

maternal body adiposity and lactation practices. For example, serum IGF-I concentrations 

are significantly lower in women who lactate compared to women not lactating (4). 

However, the high rate of breastfeeding and/or expressing breast milk in our cohort (83% 

of participants lactating at six months post-partum) made it difficult to further separate 

the women into categories to assess gradations of breastfeeding exclusivity and duration 

on maternal bone health. Maternal weight and pre-pregnancy BMI are other potential 

modulators of bone health status changes during pregnancy. Women with a low pre-

pregnancy BMI were reported to have greater decline in whole body bone mineral 

content than women of higher pre-pregnancy BMI, suggesting that higher body weight 

might be protective of bone mass due to increased mechanical loading (28). The strength 

of our study is that we adjusted for maternal adiposity measured quantitatively by the 

sum of skinfolds at four sites at the end of pregnancy, maternal pre-pregnancy BMI (as 
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per study randomization stratification) as well as season at enrolment and lactation 

practices for the post-partum measures. Such factors are reported to modulate bone 

biomarker concentrations (28–31), yet have never been measured collectively in a study 

reporting on bone changes in pregnancy.  

 

Vitamin D status was not likely a mitigating factor related to bone resorption as no 

clinical vitamin D deficiency was detected in any participant. As we reported previously 

(24), serum concentrations of both 25(OH)D and 1,25 (OH)2D rose at the end of 

pregnancy in both groups, irrespective of the intervention. This is reasonable given the 

similar intakes of vitamin D in early and late pregnancy for participants in both groups. 

Serum concentrations of 50-75 nmol/L appear to be sufficient to maintain bone 

homeostasis, and this observation does not support the hypothesis that serum 25(OH)D 

concentrations of at least 100 nmol/L are required to maximize 1,25(OH)2D conversion 

(14) and maintain bone health in pregnancy among women with adequate nutritional 

status. 

 

The response of maternal serum bone biomarkers to the Nutrition+Exercise intervention 

was mirrored in cord serum, and contributed to the current knowledge as we are one of 

the few studies that reported on both serum vitamin D metabolites and serum bone 

biomarkers in mother-infant dyads. All mean values for cord concentrations of vitamin D 

metabolites and bone biomarkers were lower than maternal concentrations at the end of 

pregnancy, with the exception of PINP, which averaged four times (288%) higher than 
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the maternal concentration in late pregnancy, in 83% of the sample. In our cohort, the 

between-subject variability observed in cord serum concentrations of PINP cannot be 

explained by methodological issues, and it is unclear why a sub-group had up to nine fold 

lower concentrations (range 12.7 to 30.8 ng/mL, n=6) when most cord blood 

concentrations (range 107.1 to 199.9 ng/mL, n=30) surpassed maternal concentrations at 

the end of pregnancy. The high serum PINP cord concentrations might be explained by 

the bone formation that characterizes fetal skeletal bone accretion in the third trimester 

(reviewed by (32)), which happens irrespective of the mother’s own bone turnover. 

Rather than reflecting maternal concentrations, cord serum PINP concentrations might 

reflect fetal somatic growth (reviewed in (33)). The role of PINP in somatic growth 

during early life was reported in a cohort of 690 preterm and term infants (34). Lower 

concentrations of cord PINP were reported with advancing gestational age, and cord 

PINP was lower in cord serum of infants born small-for gestational age when compared 

to those born average-for-gestational age (34). Our data revealed a promising area of 

research, as future studies including a larger sample size of newborns and cord blood 

samples could elucidate the relationship between maternal perinatal bone metabolism 

changes and the programming impact on the fetus and newborn.  

 

For IGF-1, maternal consumption of milk and dairy products is hypothesized to raise 

maternal IGF-1concentrations, with mixed evidence suggesting both positive (reviewed 

in (35)) and negative impacts (reviewed by (36)) on fetal and neonatal growth. The 

systematic review of eight observational studies (N=104,485 participants) that addressed 
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the impact of maternal milk consumption on neonatal outcomes (35) concluded that 

evidence is limited, but pointed to a positive benefit of a maternal moderate milk 

consumption compared to minimal milk intake in pregnancy on fetal growth and infant 

birth weight. The BHIP study results suggest that increased maternal protein intake, due 

to higher consumption of dairy products including milk, is safe for mothers and the 

fetus/newborn as the intervention was not associated with either higher maternal serum 

concentrations of IGF-1 or cord serum IGF-1 concentrations. This aligns with evidence 

from twin pairs showing that cord concentrations of IGF-1 might be predominantly 

attributable to genetics, not to environmental factors such as maternal diet (37).  

 

The lack of difference in maternal BMD between treatment groups at six months post-

partum is understandable given that we could not adjust for baseline measures. What is 

important to note is that mean values of whole body BMD z-scores, as well as lumbar 

spine BMD z-scores, of participants in both groups indicate that they are within the 

expected range for sex and age (38). This reflects the overall appropriate nutrition, 

adequate vitamin D status, and general good health of the women in the BHIP study. 

 

This study has several strengths, the most important one being a randomized intervention 

using food as part of a lifestyle intervention rather than individual nutrient supplements as 

used in most previous interventions trials in pregnancy (12,13,39,40). Also, the 

percentage of participants lost-to-follow-up post-randomization for the primary outcomes 

at the end of pregnancy was low (8%), and there was a high retention (80%) of 
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participants through to the last study visit at six months post-partum. Additionally, other 

factors known to impact bone metabolism (41) such as dietary intake including food and 

supplements were measured at several time points throughout pregnancy and the post-

partum, and lactation practices were assessed at two time points. A full panel of serum 

bone biomarkers provided a global assessment of changes in maternal bone metabolism 

in the perinatal period, including the bone turnover markers suggested by the 

International Osteoporosis Foundation and the International Federation of Clinical 

Chemistry and Laboratory Medicine (27). Some limitations included the lack of baseline 

assessment before pregnancy due to the difficulty of recruiting women pre-conception, 

and the homogenous study cohort that might limit the generalizability of the results. 

Lastly, although bone density was measured by DXA in post-partum there was no 

baseline measure; further, it remains difficult to delineate the effect of pregnancy versus 

lactation on maternal bone mass. This caveat was addressed by measuring serum bone 

biomarkers at six months post-partum, as they reflects short-term changes (26), likely 

attributable to the post-partum changes in maternal diet and metabolism. 

 

Future steps include evaluating the programming impact of the intervention on neonatal 

and offspring health outcomes, as well as studying the impact of maternal and cord blood 

gene variants profiles on bone health outcomes. 
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Table 1: Demographic characteristics by study group (n=187).  

Variables Intervention  
(n=91) 

Control 
(n=96) 

Pre-randomization characteristics 
Maternal age (y); mean (SD) 32 (4) 31 (4) 

Gestational age at randomization (wk); mean (SD) 13.8 (2) 13.6 (2) 

Tertiary education; n (%) 88 (96) 92 (93) 

Pre-pregnancy BMI (kg/m2); mean (SD) 25.7 (4.5) 25.3 (4.6) 

Pre-pregnancy BMI category; n (%) 
Underweight (<18.5 kg/m2)  
Normal weight (18.5-24.9 kg/m2) 
Overweight (25.0-29.9 kg/m2) 
Obese (≥30 kg/m2) 

 
2 (2) 
47 (51) 
26 (29) 
16 (18) 

 
1 (1) 
56 (58) 
24 (25) 
15 (16) 

Ethnicity; n (%) 
European descent 
Mixed/Other 
Unknown  

 
80 (88) 
11 (12) 
0 (0) 

 
84 (88) 
11 (11) 
1 (1) 

Total family income (CAN); n (%) 
<$45,000  
$45,000-$74,999  
>$75,000  
Unknown 

 
4 (4) 
12 (13) 
73 (81) 
2 (2) 

 
8 (8) 
16 (17) 
65 (68) 
7 (7) 

Married/living with significant other; n (%) 89 (98) 89 (93) 

Nulliparous; n (%)  43 (47) 46 (48) 

Study site; n (%) 
London 
Hamilton 

 
28 (31)  
63 (69) 

 
32 (33) 
64 (67) 

Birth characteristics 
Gestational age (weeks); mean (SD) 39.4 (1.4) 39.5 (1.1) 

Post-partum characteristics 
Lactation practices; n (%) 

Exclusively breastfeeding 
Breastfeeding and expressing 
Did breastfeed and/or expressed, but stopped 
Never lactated 

 
41 (54) 
27 (35) 
5 (7) 
3 (4) 

 
43 (50) 
33 (38) 
3 (4) 
7 (8) 
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Table 2: Dietary intake and step counts at baseline (12-17 wk), mid pregnancy (26-28 wk), end of pregnancy (36-38 wk), and 
at six months post-partum by study groups.  

Variable 
Intervention  (N=91) Control (N=96) Mean difference 

(95% CI)* P 

Median  
(Q1, Q3) 

EAR 
N (%) 

> UL 
N (%) 

Median  
(Q1, Q3) 

EAR 
N (%) 

> UL 
N (%)   

Early-pregnancy (12-17 wk) 

Total protein  
(g/day) 
(g/kg/day) 

87 (67, 99) 
1.20 (0.92, 1.45) 

86 (95) n/a 88 (70, 103) 
1.25 (0.97, 1.49) 

93 (97) n/a -1.44 (-4.47, 1.57) 0.345 

Protein from dairy products 
(g/day) 15 (11, 25) n/a n/a 16 (11, 26) n/a n/a -0.04 (-0.21, 0.14) 0.691 

Calcium (mg/day) 1164 (972, 1462) 80 (88) 2 (2) 1152 (936, 1535) 82 (85) 1 (1) 0.01 (-0.04, 0.05) 0.831 
Vitamin D (IU/day) 585 (460, 766) 77 (85) 2 (2) 585 (458, 865) 81 (84) 2 (2) -54.58 (-180.85, 71.68) 0.395 
Step counts (steps/day) 6288 (5153, 8668) n/a n/a 6147 (4684, 7618) n/a n/a 0.04 (-0.01, 0.10) 0.130 
Mid-pregnancy (26-28 wk) 
Total protein  

(g/day) 
(g/kg/day) 

111 (88, 128) 
1.48 (1.15, 1.71) 

86 (95) 
 

n/a 
 

87 (69, 103) 
1.10 (0.97, 1.36) 

84 (87) 
 

n/a 0.54 (0.36, 0.71) < 0.0001 

Protein from dairy products 
(g/day) 38 (27, 53) n/a n/a 18 (11, 28) n/a n/a 10.05 (7.98, 12.12) < 0.0001 

Calcium (mg/day) 1797 (1366, 2051) 90 (99) 12 (14) 1204 (930, 1612) 86 (90) 0 (0) 0.17 (0.13, 0.22) < 0.0001 
Vitamin D (IU/day) 739 (582, 1074) 87 (96) 0 (0) 599 (463, 918) 85 (89) 1 (1) 61.63 (-9.80, 133.07) 0.090 
Step counts (steps/day) 6432 (4731, 8940) n/a n/a 5551 (4180, 7861) n/a n/a 110.40 (-221.75, 442.56) 0.513 

End of pregnancy (36-38 wk) 

Total protein  
(g/day) 
(g/kg/day) 

103 (85, 119) 
1.25 (1.08, 1.50) 

82 (90) n/a 85 (70, 106) 
1.06 (0.87, 1.25) 

72 (75) n/a 9.70 (6.53, 12.87) < 0.0001 

Protein from dairy products 
(g/day) 35 (25, 48) n/a n/a 16 (11, 24) n/a n/a 10.16 (8.33, 11.99) < 0.0001 

Calcium (mg/day) 1727 (1384, 2053) 90 (99) 6 (7) 1212 (931, 1545) 84 (88) 0 (0) 0.17 (0.13, 0.22) < 0.0001 
Vitamin D (IU/day) 734 (606, 1004) 84 (92) 1 (1) 615 (500, 893) 83 (87) 1 (1) 64.72 (-29.62, 159.07) 0.178 
Step counts (steps/day) 4805 (3404, 6953) n/a n/a 5068 (3755, 6109) n/a n/a -185.30 (-514.39, 143.78) 0.268 

Six months post-partum 

Total protein  
(g/day) 
(g/kg/day) 

88 (71, 103) 
1.25 (1.08, 1.50) 

61 (67) n/a 84 (69, 102) 
1.06 (0.87, 1.25) 

66 (69) n/a 1.51 (-1.82, 4.84) 0.371 

Protein from dairy products 
(g/day) 17 (9, 24) n/a n/a 13 (5, 21) n/a n/a 1.98 (0.29, 3.67) 0.022 

Calcium (mg/day) 1007 (777, 1426) 66 (72) 1 (1) 909 (728, 1227) 63 (66) 0 (0) 0.06 (-0.00, 0.12) 0.052 
Vitamin D (IU/day) 450 (173, 927) 49 (54) 1 (1) 472 (197, 921) 57 (59) 1 (1) 0.01 (-0.39, 0.41) 0.956 
Step counts (steps/day) 6133 (4420, 8207) n/a n/a 6200 (4541, 7708) n/a n/a -117.72 (-543.14, 307.69) 0.585 
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Dietary reference intakes (42,43): 
Total protein recommendations for women in pregnancy: Estimated Average Requirement (EAR)=0.66 g/kg body weight/day 
(first half of pregnancy) and 0.88g/kg body weight/day (second half of pregnancy); Tolerable Upper Intake Level (UL) = n/a; 
Total protein recommendations for lactating women: EAR = 1.05 g/kg body weight/day.  
Calcium recommendations for women in pregnancy and lactation: EAR=800 mg/day; UL=2,500 mg/day. 
Vitamin D recommendations for women in pregnancy and lactation: EAR=400 IU/day; UL=4,000 IU/day.  
 
Regression analysis with control group set as the reference group. Bold results indicate significant results (p < 0.05).  
*estimates are based on model adjusted for study site, pre-pregnancy BMI, and baseline values at 12-17 wk pregnancy.  
*Early pregnancy models: Total protein: not transformed, Protein from dairy products: square root transformed; Calcium: log 
transformed; Vitamin D: normality could not be achieved and interpretations of results should be done with caution; Step 
counts: log transformed.  
*Mid pregnancy models: Total protein: square root transformed, Protein from dairy products: not transformed; Calcium: log 
transformed; Vitamin D: normality could not be achieved and interpretations of results should be done with caution; Step 
counts: not transformed.  
*End of pregnancy models: Total protein: not transformed, Protein from dairy products: not transformed; Calcium: log 
transformed; Vitamin D: normality could not be achieved and interpretations of results should be done with caution; Step 
counts: not transformed.  
*Six months post-partum models: Total protein: not transformed, Protein from dairy products: normality could not be achieved 
and interpretations of results should be done with caution; Calcium: log transformed; Vitamin D: cube root transformed; Step 
counts: normality could not be achieved and interpretations of results should be done with caution.
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Table 3: Serum bone biomarker concentrations at baseline (12-17 wk), at the end of pregnancy (36-38 wk), and at six months 
post-partum.  
 

Bone biomarkers Intervention (N=91) 
mean (SD) 

Control (N=96) 
mean (SD) 

Mean difference 
(95% CI)* P 

Early pregnancy (12-17 wk) 

PINP (ng/mL) 32.58 (22.96) 36.95 (26.96) -1.86 (-5.00, 1.28) 0.244 

CTX (ng/mL) 0.42 (0.19) 0.46 (0.21) -0.02 (-0.05, 0.01) 0.200 

IGF-1 (ng/mL) 164.00 (62.74) 176.08 (58.85) -0.04 (-0.09, 0,01) 0.069 

25(OH)D (nmol/L) 80.80 (23.36) 82.10 (21.32) -0.31 (-3.12, 2.50) 0.829 

1,25(OH)2D (pmol/L) 83.78 (19.78) 80.39 (18.56) 1.20 (-3.08, 5.48) 0.577 

End of pregnancy (36-38 wk) 

PINP (ng/mL) 37.91 (19.78) 42.57 (24.81) -0.85 (-3.38, 1.68) 0.506 

CTX (ng/mL) 0.78 (0.31) 0.89 (0.33) -0.02 (-0.044, -0.00) 0.034 

IGF-1 (ng/mL) 326.93 (128.35) 342.36 (132.95) -0.01 (-0.05, 0.03) 0.571 

25(OH)D (nmol/L) 104.00 (27.54) 101.38 (29.44) 1.78 (-1.28, 4.85) 0.253 

1,25(OH)2D (pmol/L) 98.30 (27.20) 104.08 (26.61) -4.27 (-10.11, 1.57) 0.149 

Six months post-partum  

PINP (ng/mL) 44.57 (27.87) 48.06 (27.71) 1.05 (-2.14, 4.24) 0.514 

CTX (ng/mL) 0.91 (0.38) 0.94 (0.37) -0.01 (-0.07, 0.06) 0.967 

IGF-1 (ng/mL) 138.45 (40.41) 141.95 (44.48) -1.67 (-7.46, 4.11) 0.568 

25(OH)D (nmol/L) 75.85 (28.80) 74.99 (22.97) -0.95 (-3.98, 2.08) 0.538 

1,25(OH)2D (pmol/L) 48.37 (10.32) 51.35 (15.41) -0.03 (-0.09, 0.03) 0.347 
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Regression analysis with control group set as the reference group. Bold results indicate significant results (p < 0.05).  
 

 
*estimates are based on model adjusted for study site, pre-pregnancy BMI, baseline values (except for outcomes in early 
pregnancy), season at enrollment, sum of skinfold, and lactation practices for the six-month post-partum time points. 
 
*Early pregnancy models: PINP: normality could not be achieved and interpretations of results should be done with caution; 
CTX: not transformed, IGF-1: log transformed, 25(OH)D: not transformed, 1,25(OH)2D: not transformed.  
 
*End of pregnancy models: PINP: normality could not be achieved and interpretations of results should be done with caution; 
CTX: square root transformed, IGF-1: log transformed, 25(OH)D: not transformed, 1,25(OH)2D: normality could not be 
achieved and interpretations of results should be done with caution.  
 
*Six months post-partum models: PINP: normality could not be achieved and interpretations of results should be done with 
caution; CTX: log transformed, IGF-1: not transformed, 25(OH)D: not transformed, 1,25(OH)2D: log transformed.  
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Table 4: Cord serum bone biomarkers concentrations at delivery (n=53).  
 

 
 
Regression analysis with control group set as the reference group. Bold results indicate significant results (p < 0.05). 
 
*estimates are based on model adjusted for study site, pre-pregnancy BMI, maternal baseline values, season at enrollment, and 
maternal sum of skinfold at the end of pregnancy. 
 
*PINP: not transformed; CTX: not transformed; IGF-1: log transformed, 25(OH)D: not transformed, 1,25(OH)2D: not 
transformed. 
 
 

Variable Intervention (N=31) 
mean (SD) 

Control (N=22) 
mean (SD) 

Mean difference 
(95% CI)* P 

PINP (ng/mL) 134.81 (48.49) 126.80 (68.69) -1.22 (-15.18, 12.74) 0.857 

CTX (ng/mL) 0.58 (0.13) 0.69 (0.18) -0.06 (-0.12, -0.01) 0.025 

IGF-1 (ng/mL) 80.71 (35.03) 75.98 (32.53) 0.05 (-0.11, 0.20) 0.545 

25(OH)D (nmol/L) 57.07 (24.54) 56.91 (20.74) 2.17 (-4.44, 8.79) 0.509 

1,25(OH)2D (pmol/L) 47.82 (12.10) 36.60 (9.90) 3.50 (-1.76, 8.76) 0.180 
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Table 5: Maternal bone mineral density z-score at six months post-partum (n=142).  
 

Variable Intervention (N=70) 
mean (SD) 

Control (N=72) 
mean (SD) 

Mean difference 
(95% CI)* 

 

P 
 

Whole body bone mineral density  
z-score 0.67 (0.92) 0.60 (0.91) 0.04 (-0.11, 0.20) 0.573 

Lumbar spine bone mineral density  
z-score -0.34 (1.14) -0.41 (0.98) 0.04 (-0.16, 0.23) 0.704 

 
 
Regression analysis with control group set as the reference group. 
 
*estimates are based on model adjusted for study site, pre-pregnancy BMI, season at enrollment, sum of maternal skinfold at 
six months post-partum, and lactation practices in the first six months post-partum.  
 



PhD Thesis – M. Perreault; McMaster University – Medical Sciences 

158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Flow chart 

Completed to 36-38 wk n=91 
P1NP n=74 
CTX n=91 
IGF1 n=91 

25(OH)D n=91 
1,25(OH)D2 n=44 

6 Drop out before 36-38wk visit 
1 Delivery prior to 36-38wk visit 

Cord blood collected n=31 
P1NP n= 23 
CTX n= 24 
IGF1 n=27 

25(OH)D n=27 
1,25(OH)D2 n=21 

Completed to 6 mo post-partum n=76 
P1NP n= 50 
CTX n= 55 
IGF1 n=76 

25(OH)D n=74 
1,25(OH)2D n=41 

Maternal whole body DXA n=70 
Maternal lumbar spine DXA n=56 

Completed to 6 mo post-partum n=86 
P1NP n= 50 
CTX n= 57 
IGF1 n=76 

25(OH)D n=73 
1,25(OH)D2 n=34 

Maternal whole body DXA n=72 
Maternal lumbar spine DXA n=52 

3 Drop out before 6mo pp  2 Drop out before 6mo pp  

Completed to 36-38 wk n=96 
P1NP n=76 
CTX n=96 
IGF1 n=96 

25(OH)D n=96 
1,25(OH)D2 n=40 

Cord blood collected n=22 
P1NP n= 13 
CTX n= 14 
IGF1 n=18 

25(OH)D n=18 
1,25(OH)D2 n=11 

6 Drop out before 36-38wk visit 
5 Delivery prior to 36-38wk visit 

Allocated to Intervention group n=98 Allocated to Usual care group n=105 

Randomized to BHIP Study n=241 

Consented to BHIP study n=274 

Consented to BONE BHIP sub-study  n=225 

Completed 12-17 wk visit and Randomized n=203 
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CHAPTER 6 
 

INTEGRATIVE DISCUSSION 
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The research comprising this thesis enriches current knowledge of the dynamics of 

perinatal maternal bone metabolism, the contributors to maternal vitamin D status in 

pregnancy, and provides a rigorous global assessment of co-variables that impact 

maternal bone health in pregnancy and the post-partum period. A diagrammatic synthesis 

of the findings is presented in Figure 1. The knowledge gained from the Bone-BHIP RCT 

design using a whole food diet in combination with exercise, and the longitudinal 

prospective assessment of maternal and fetal outcomes, advocates for a practical and 

feasible approach to optimize bone health during pregnancy for women in the 

community. 

 

The contribution of this thesis to current literature and considerations for future research 

are presented in the subsequent sections. 

 

6.1. Perinatal maternal bone metabolism: contribution to the literature 

The Bone-BHIP study addressed current knowledge gaps by providing a prospective, 

longitudinal assessment of perinatal bone metabolism changes, as measured by serum 

biomarkers and BMD assessment in a cohort powered to detect statistical changes. Our 

study is the first one to measure a panel of clinically relevant serum bone biomarkers 

including PINP, CTX, and IGF-1, as well as 25(OH)D and 1,25(OH)2D, important 

vitamin D metabolites that are physiologically regulated during pregnancy (Chapters 4 

and 5). A major finding of our study is that the high dairy food diet (intervention) 

compared to self-selected diets (control) supported lower bone resorption and a greater 
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rise in bone formation in the intervention compared to the control group (Figure 1). 

Importantly, analyses of the primary biomarker and BMD outcomes were adjusted for 

key confounding variables including season at enrollment, quantitatively measured 

changes in maternal body adiposity throughout pregnancy, and lactation practices during 

the first six months of post-partum, thus addressing common limitations identified in the 

current literature (Chapter 1).  

 

Figure 1: Overall impact of the BHIP intervention on maternal and fetal bone metabolism – a 
summary of the reported research.  
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A major finding of our study is that vitamin D status was likely not a contributing factor 

to the bone metabolism changes observed in pregnancy and the post-partum period, as no 

clinical vitamin D deficiency occurred in the Bone-BHIP cohort and 94-97% women had 

serum 25(OH)D > 50 nmol/L and 63-86% > 75 nmol/L in early and late pregnancy. This 

observation is important as it challenges the widespread information conveyed in the 

literature (1–3) and media (4) that promotes vitamin D supplementation during 

pregnancy, and which categorically states that vitamin D deficiency among pregnant 

women is widespread in North America and indeed globally. Such claims about vitamin 

D deficiency in pregnancy might be misleading for some pregnant women and the 

rationale behind the use of high dose supplements (up to 10,000 IU/day) of vitamin D 

that we observed in the Bone-BHIP study (Chapter 3). Further, there is no apparent 

biochemical or clinical benefit to consuming a vitamin D beyond the recommended RDA 

or supplementation with more than the recommended prenatal multivitamin. Our study 

validates the current EAR/RDA for vitamin D in pregnancy and provides evidence that 

the majority of women in the two cohorts studied follow the recommended practice of 

prenatal multivitamin supplementation in pregnancy which ensures an intake of 400 

IU/day or more of vitamin D. 

 

In addition to measuring key recommended serum bone formation (PINP) and resorption 

(CTX) markers, a strength of our study was to have concurrently measured serum IGF-1. 

Our observations of a rise in maternal serum IGF-1 concentrations at the end of 

pregnancy, followed by a significant decline in the post-partum, align with previous 
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reports (5). As this pattern occurred in both treatment groups of the Bone-BHIP study, it 

cannot be attributed to dairy intake specifically. In pregnancy, IGF-1 is produced 

primarily by the mother under the regulation of growth hormone until the ≈20th week of 

gestation, after which IGF-1 production is modulated by the human placental growth 

hormone rather than the growth hormone, leading to the maximal peak concentration in 

maternal circulation in the third trimester (reviewed by (6)). A rise in serum IGF-1 

concentrations is hypothesized to be a key signal for osteoblastic stimulation, 

subsequently leading to bone formation, while the role of IGF-1 on osteoclasts is less 

clear (reviewed by (8)). In the Bone-BHIP study, serum maternal concentrations of IGF-1 

in late pregnancy were significantly positively associated with maternal serum 

concentrations of both bone formation marker PINP and bone resorption marker CTX. 

These results suggest a role of IGF-1 in both formation and resorption during pregnancy. 

Having measured only two time points, it is difficult to speculate if IGF-1 is the trigger 

for any of the changes observed in the serum concentrations of bone biomarkers, but our 

overall results corroborate the pattern seen in other pregnancy cohorts (5,9), and support a 

role for IGF-1 in the regulation of maternal bone turnover during pregnancy. Our results 

contribute to the current knowledge, as we are one of the few studies that reported on the 

combination of serum bone biomarkers PINP, CTX, and IGF-1, as well as vitamin D 

metabolites, in a cohort prospectively followed from early pregnancy to the post-partum 

period.  
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The relationship between maternal and cord serum bone biomarkers is another knowledge 

gap that our study addressed. Firstly, this study contributes normative data on bone 

biomarkers in cord blood from healthy infants born at term, since to our knowledge, 

measurement of cord serum CTX and PINP together have never been completed (Figure 

1). Further, our data contribute to the growing body of evidence suggesting that maternal 

metabolic status influences fetal metabolism in utero, which is suggested to impact on the 

programming of optimal bone health in offspring (reviewed by (10)). With the exception 

of PINP, all cord blood concentrations of bone biomarkers were significantly correlated 

with maternal concentrations in late pregnancy. The lower maternal CTX concentrations 

in participants from the intervention group were mirrored in cord blood (Chapter 5), 

suggesting that the bone preservation effect of the Nutrition+Exercise intervention might 

also have benefited the fetus in support of its fetal skeletal development.  

 

The bone formation marker PINP was the only marker with a cord serum concentration 

higher than maternal circulating concentrations at the end of pregnancy. Such results 

might be explained by the important bone formation characterizing skeletal bone 

accretion (reviewed by (11)) that happens irrespective of the mother’s own bone turnover. 

It is also hypothesized that cord serum PINP concentrations reflect fetal somatic growth, 

and accordingly cord concentrations are higher than in adult PINP circulating 

concentrations, which is directly reflective of bone turnover (reviewed in (12)). The role 

of PINP in somatic growth during early life was reported in a cohort of 690 preterm and 

term infants (13). Lower concentrations of cord PINP were reported with advancing 
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gestational age, and cord PINP was lower in cord serum of infants born small-for 

gestational age when compared to those born average-for-gestational age (13). Our data 

revealed a promising area of research, as future studies including a larger sample size of 

newborns and cord blood samples could elucidate the relationship between maternal 

perinatal bone metabolism changes and the programming impact on the fetus and 

newborn.  

 

Cord serum concentrations of IGF-1 were positively associated with maternal 

concentrations in early and late pregnancy in participants of both groups in the Bone-

BHIP study (Chapter 5). While protein intake during infancy is reported as positively 

associated with serum IGF-1 (14), our results suggest that the maternal 

Nutrition+Exercise intervention during pregnancy did not modulate cord serum IGF-1 

concentrations. Indeed, higher maternal protein intake in the intervention compared to 

control group was not associated with higher cord serum IGF-1 concentrations. Our 

results align with recent evidence indicating that IGF-1 does not mediate the relationship 

observed between maternal protein intake, and offspring growth and body composition 

(15–17). The role of maternal protein intake in programming neonatal body composition 

is reported in observational cohorts where higher protein intake was associated with 

lower abdominal adiposity (18), and with lower birth- and length-for-gestational-age 

(16). Future studies should assess the programming potential of maternal protein intake 

on offspring bone health and body composition.  
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We completed our extensive assessment of perinatal maternal metabolic changes by 

measuring maternal bone mineral density (BMD) assessed by DXA, a clinically relevant 

measure of osteoporosis later in life. Whole body BMD z-scores, as well as lumbar spine 

BMD z-scores of participants in both groups, were within the expected range for a sex 

and age matched reference population (19), which reflects their overall adequate health 

and dietary intake, and adequate vitamin D status (Chapter 5). The absence of a BMD 

baseline measure is a limitation to our study, as DXA scanning could not be performed 

during pregnancy for safety reasons. As a result, we cannot assess a potential impact of 

the intervention on a change in BMD throughout pregnancy and the post-partum period. 

Addressing a current gap in knowledge, our analysis was adjusted for multiple variables 

reported to impact bone metabolism both in pregnancy such as season of enrollment and 

body adiposity (20,21), and in addition the lactation practices in the post-partum period 

(22). To our knowledge, this is the first report of such a combination of co-variables 

being measured within a pregnancy cohort and adjusted for in the analysis.  

 

In summary, the Bone-BHIP study contributes to the current literature by being the first 

study to provide a high quality global assessment of bone metabolism performed from 

early pregnancy to six months post-partum, including a detailed evaluation of maternal 

dietary habits, measures of body adiposity, and description of lactation practices. No 

Canadian population-based normative data exist as pregnant women have not been 

reported to be sampled in the nutrition and health surveys in Canada to date. Our results 

provide data for healthy Canadian women, at least those of European descent living in 
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Southern Ontario, that can be interpreted as normative data in pregnancy and in the post-

partum period (Chapter 5). Overall, results from the Bone-BHIP study improve our 

knowledge of the perinatal maternal bone metabolism changes, and how it relates to fetal 

adaptations in healthy pregnancy.  

 

6.2. Maternal vitamin D status and contributing factors: contribution to 

the literature 

Our longitudinal Bone-BHIP study contributes new knowledge through a detailed 

analysis of vitamin D metabolism in pregnancy (Chapter 4), and a historical comparative 

analysis with the FAMILY study completed 10 years ago (Chapter 3). Novel insights 

were gained into the dynamics of vitamin D metabolism that occur across pregnancy, the 

factors associated with status, specifics about dietary sources and a perspective on the 

importance of geography and demographics on evaluating the need for vitamin D 

supplementation at the level of clinical and public health practice. Taken together such 

information provides normative data measured by gold standard methodologies, for both 

pregnancy and the post-partum period in a large number of participants.  

 

Since maternal vitamin D deficiency was rare in the FAMILY cohort and non-existent in 

the Bone-BHIP cohort of women studied at various trimesters during pregnancy and in 

the post-partum period, our results contradict the widely held conception by the general 

public and health care practitioners that vitamin D deficiency is prevalent (1,4,23,24), and 

therefore pregnant women should take a high dose vitamin D supplement. Based on the 
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Bone-BHIP and FAMILY birth cohorts studied 10 years apart (Chapter 3), it is clear that 

vitamin D deficiency is not a concern in pregnant women of European ancestry in 

Southern Ontario over the last decade or more. What is important to note is that 

participants in the Bone-BHIP study consumed more vitamin D than the participants of 

the FAMILY study, and a larger percentage of the Bone-BHIP cohort met the EAR as 

hypothesized. Despite the lower intake of vitamin D, the FAMILY participants had 

similar vitamin D status to those in the Bone-BHIP study.  

 

This thesis provides new insights into the factors associated with maternal vitamin D 

status in pregnancy. Summer season was a significant factor influencing vitamin D status 

in both cohorts, and thus refutes the idea that in Canada, sunshine exposure plays a 

limited role to maintain adequate vitamin D status (25), which has important 

repercussions for general public health recommendations for pregnant women. Indeed, 

season, as a proxy of sunshine exposure, in combination with adequate vitamin D intake 

from food and a modest amount as a supplement, is sufficient for maintaining adequate 

serum 25(OH)D concentrations in most women of European ancestry throughout 

pregnancy (Chapter 4). Contrary to our hypothesis, the provision of vitamin D fortified 

dairy products in the Bone-BHIP intervention did not significantly increase intake of 

vitamin D compared to the control group, with the intake remaining adequate and stable 

throughout pregnancy for all participants (Chapter 5). Among the low-fat dairy products 

provided to participants in the intervention group (e.g. milk, Greek yogurt or cottage 

cheese), only milk is under mandatory vitamin D fortification in Canada (100 IU vitamin 
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D per 250ml (26)), while the other products are under voluntary fortification at the 

discretion of the company (26). Milk consumption rose throughout pregnancy in the 

intervention group, as did the amount of vitamin D from milk from early to late 

pregnancy. Yet, overall vitamin D intake (84 - 96% > EAR) of participants did not 

significantly change due to 75% of intake being derived from supplements, which 

remained stable throughout pregnancy (Chapter 4). Prenatal multivitamins were the 

predominant source of supplemental vitamin D, and were a factor associated with 

maternal serum 25(OH)D concentrations throughout pregnancy (Chapter 4). Most often, 

prenatal supplements, which are routinely recommended for women of child-bearing age 

as part of Health Canada recommendations (27), provide 400 to 600 IU/d if taken daily, 

which ensure women meet the EAR (28). Measurement of the D2 and D3 isomers of 

serum vitamin D metabolites, which is only possible using LC-MS/MS, revealed low 

amounts of vitamin D2 contributed through food or supplements. This was anticipated as 

most fortification of vitamin D in Canada is with D3 (in contrast to D2 used 

predominantly in the USA). However, with the rising availability of vegetarian and vegan 

vitamin D supplements (likely containing D2) on the market, measurement of the D2 

isomer will be essential. Taken together, our results support the importance of the public 

health recommendation to take a daily prenatal supplement containing vitamin D during 

pregnancy (29) (Chapters 3 and 4), but not the use of single high dose vitamin D 

supplements in addition to the prenatal supplement. As mentioned previously, the role of 

season and thereby sunshine exposure is not to be disregarded in Canada as a contributor 

to adequate vitamin D status in pregnant women of European descent. 



PhD Thesis – M. Perreault; McMaster University – Medical Sciences 

170 

 

Our results of the maternal factors associated with vitamin D status align with those 

reported in the MAVIDOS RCT including 829 pregnant women in the United Kingdom 

(30), where season and adequate vitamin D supplementation were also important factors 

associated with sufficient maternal serum 25(OH)D concentrations. In contrast to the 

MAVIDOS RCT (30), where gestational weight gain as a proxy of maternal body fat was 

a predictor of vitamin D status, our results did not support maternal body fat measured by 

the sum of skinfold thickness at four sites as being a significant contributing factor to 

maternal serum 25(OH)D concentrations. This can be explained by our measure being a 

more quantitative measure of fat mass than total body weight or gestational weight gain, 

specifically during pregnancy. Accordingly, our data provide evidence for refinement of 

public health recommendations in Southern Ontario, where pregnant women of European 

descent should focus on adequate and safe sunshine exposure, and taking a daily prenatal 

multivitamin containing vitamin D to ensure an adequate vitamin D status throughout 

pregnancy.  

 

Our Bone-BHIP study is unique in that we are the first Canadian cohort to measure serum 

25(OH)D and 1,25(OH)2D by LC-MS/MS concentrations prospectively throughout 

pregnancy and the post-partum period. To our knowledge, only one other study, 

conducted in Brazil, measured vitamin D both metabolites by LC-MS/MS throughout 

pregnancy (31), but this represents a population who is different in ethnicity and skin 

tone, factors known to be important in vitamin D metabolism (32). As hypothesized, 
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vitamin D status remained stable throughout pregnancy and the post-partum period, while 

serum 1,25(OH)2D concentrations significantly increased. Only a weak correlation was 

observed between maternal serum 25(OH)D and 1,25(OH)2D in late pregnancy. This 

observation refutes the hypothesis put forward by Hollis et al. (33) that a serum 25(OH)D 

concentration > 100 nmol/L is required to maximize its conversion into the active form 

1,25(OH)2D in pregnancy. We propose that evidence to date does not support additional 

clinical benefits of serum 25(OH)D concentrations above 50-75nmol/L. Participants in 

the Bone-BHIP study had adequate vitamin D status, which supported their bone health 

as assessed by serum bone biomarkers and BMD by DXA (Chapter 4). Knowing that the 

immunoassay kits often employed to measure 25(OH)D can yield falsely higher or lower 

circulating concentrations compared to values obtained by LC-MS/MS (34,35), our data 

from pregnant women in the FAMILY and Bone-BHIP studies (Chapters 3 and 4) 

provide valuable data that can be interpreted as normative for Canadian pregnant women 

of European descent. Such data are scarce, primarily because the Canadian Community 

Health Survey (CCHS) and Canadian Health Measures Survey (CHMS) have not to date 

specifically reported data for pregnant women, thus our findings provide valuable 

insights into key factors that influence bone health status for Canadian women in the 

periconceptual period. 

 

Adequate maternal vitamin D status in late pregnancy, such as observed for the majority 

of women in the Bone-BHIP study, has potential benefits for fetal bone health as it is the 

third trimester where fetal bone accrual is maximal (reviewed by (11)). Fetal 
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concentrations of 25(OH)D rely on maternal stores (reviewed by (36)), and as expected, 

cord serum 25(OH)D concentrations were significantly associated with maternal serum 

concentrations in the total group (Chapter 4). Beyond cord blood status, the association of 

maternal vitamin D status in pregnancy and anthropometric measures of the offspring has 

been explored in a 2019 systematic review and meta-analysis based on 54 observational 

studies (37). Vitamin D deficient mothers (25(OH)D < 30 nmol/L) gave birth to 

newborns with lower birth weight and head circumference compared to mothers with 

serum 25(OH)D > 30 nmol/L. However, no significant differences in weight, length and 

head circumference at birth were observed between newborns born from vitamin D 

insufficient mothers (25(OH)D 30-50 nmol/L) and vitamin D adequate mothers 

(25(OH)D > 50 nmol/L). High heterogeneity and the small numbers of studies also limit 

the interpretation of the results from this recent systematic review and meta-analysis. The 

Bone-BHIP study lays the foundation for future steps assessing the determinants of 

offspring bone health outcomes, as these are often not reported in studies and systematic 

reviews (37).   

 

In addition to concerns about vitamin D deficiency, emerging evidence indicates that 

excessive circulating 25(OH)D concentrations (> 125 nmol/L as per the IOM (28)) in 

pregnancy may be detrimental to the infant’s growth. In a recent RCT of 798 mothers 

from Finland, pregnant women with serum 25(OH)D  > 125 nmol/L had infants that were 

smaller at six months of age compared to infants of women with maternal status < 125 

nmol/L (38). Although not many women had excessive vitamin D status in the Bone-
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BHIP study, the use of single dose vitamin D supplement in pregnancy is concerning. 

Future studies need to characterize the risks and clinical benefits of excessive intake, and 

excessive vitamin D status on maternal, fetal and infant outcomes. 

 

Future steps in the Bone-BHIP study include evaluation of the impact of the maternal 

intervention on birth outcomes, and infant bone health outcomes at six months of age. 

Based on current knowledge, adverse neonatal outcomes are most likely to happen when 

mothers are clinically vitamin D deficient, and especially when combined with low 

calcium intake (39). No convincing evidence exists to date to support any clinical benefit 

for offspring of a maternal vitamin D status higher than the adequate threshold of 50 

nmol/L set by the IOM (28), such as observed in participants from the Bone-BHIP study. 

That was highlighted through the MAVIDOS RCT including 665 infants (40) born from 

mothers randomized to receive vitamin D supplementation or a placebo throughout 

pregnancy. No difference in whole body bone mineral content was observed between 

groups, suggesting that vitamin D might not be the sole determinant of offspring bone 

mass. Within the Bone-BHIP cohort, we can assess the impact of the maternal 

intervention on infant BMD at six months of age as measured by DXA (Chapter 2). The 

Nutrition+Exercise intervention provided higher maternal protein and calcium intake to 

women who had adequate vitamin D status, and it might positively impact offspring bone 

health in a similar way that it supported maternal bone health in pregnancy. The Bone-

BHIP study lays the foundation for future steps assessing determinants of offspring bone 

health outcomes.   
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Other future directions in the Bone-BHIP study include exploring SNPs of genes 

involved in the vitamin D pathway and how different genotypes might impact maternal 

vitamin D status, and ultimately modulate maternal and offspring bone health. For 

example, a meta-analysis revealed single nucleotide polymorphisms (SNPs) in the 

vitamin D receptor (VDR) gene may alter vitamin D metabolism and impact fetal 

development and pregnancy outcomes (41). Recent evidence identified the maternal 

vitamin D receptor gene as an important genetic predictor of a higher concentration of 

vitamin D during pregnancy, but with potential negative impact on birth outcomes such 

as lower birth weight and early delivery (42). As it is often the case, no bone health 

outcomes were reported in that study (42). Other candidate genes of interest include the 

CYP2R1 genes coding for an enzyme involved in the vitamin D pathway, ultimately 

modulating serum 25(OH)D concentrations (43). As previously mentioned, the impact of 

maternal vitamin D status on offspring skeletal development is still unclear and under 

debate, and the role of genetics need to be studied to better understand these 

relationships. The data collected as part of Bone-BHIP study will help address these 

knowledge gaps. 
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6.3. RCT using whole food and exercise during pregnancy: contribution to 

the literature 

The Bone-BHIP study is the first RCT to measure the impact of a lifestyle intervention 

centered on whole food dairy products and exercise on maternal bone health in the 

periconceptual period (Figure 1). The Nutrition and Exercise intervention tested in the 

Bone-BHIP RCT protected maternal bone status during pregnancy by minimizing bone 

resorption and maintaining bone formation and growth (Chapter 5). Overall, the 

intervention contributed to supporting maternal bone homeostasis during pregnancy.  

 

The novelty of the design of the Bone-BHIP study resides in employing dairy foods 

rather than a single nutrient supplementation such as calcium (44,45) or vitamin D 

(46,47) as done in most studies to date. Indeed, the protective effect of the intervention on 

maternal bone health may be attributed to the intervention providing dairy products, 

which are well known to support bone health (48). Dairy products provide essential 

vitamins and minerals such as calcium and vitamin D (if fortified), as well as high-quality 

proteins that might be difficult to obtain with other foods (reviewed by (48)). For 

example, exclusion of dairy products from the diet caused aberrations in bone metabolism 

as measured by serum bone biomarkers in an adult vegan population (49), suggesting a 

unique biological role of dairy foods in supporting bone health. Data from the Bone-

BHIP study are consistent with existing literature showing the benefits of dairy products 

on overall bone health. Given that bone metabolism is disrupted in the perinatal period, 
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our data promotes whole dairy food products as an accessible and affordable solution for 

women to maintain bone health during pregnancy. 

 

Provision of dairy food led to significantly higher dietary protein intakes over the second 

and third trimesters of pregnancy and likely contributed to the effectiveness of the 

intervention. Although current recommended protein and essential amino acid 

requirements are higher in the pregnant than non-pregnant state (50), recent studies using 

the indicator amino acid oxidation method have challenged these Dietary Reference 

Intakes (DRI). The recent study suggested that protein requirements in pregnancy should 

be about 1.2 g/kg body weight/day in early pregnancy (~16 wk gestation) and 1.5 g/kg 

body weight/day during late pregnancy (~36 wk gestation), substantially higher amounts 

than the current DRI of 0.66 g/kg body weight/day (first half of pregnancy) and 0.88 g/kg 

body weight/day (second half of pregnancy) (51). Although higher than the current 

recommendations, these suggested intakes still fall within the DRI Acceptable 

Macronutrient Distribution Range for protein to provide 15-25% of total energy (50). The 

Bone-BHIP study was designed to provide 25% of each participants calculated energy 

needs as protein. Measured intakes of the participants in the intervention group yielded 

average protein intakes of 1.5 g/kg body weight/day in the second trimester (26-28 wk 

gestation) and 1.3 g/kg body weight/day in the third trimester (36-38 wk gestation), 

which is more in line with the new suggested amounts (51) than the DRIs (50) (Chapter 

5). Proteins are the major components of bone tissue, and an adequate amount of amino 

acids are needed to support continuous bone remodeling (reviewed by (52)). Our results 
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support the hypothesis that women could benefit from higher protein intake during 

pregnancy to maintain their bone health, and potentially support fetal skeletal growth. 

The Bone-BHIP intervention puts these more recent estimates of protein requirements 

into context and shows it is feasible to adopt this protein distribution throughout 

pregnancy, with significant benefits to maternal bone health.  

 

Another explanation for the benefits associated with the Nutrition+Exercise intervention 

is the significantly higher calcium intake provided by inclusion of more dairy products 

(Chapter 5). The Bone-BHIP intervention aimed to provide half of the calculated protein 

intake from dairy products. Typically, this represented four to six servings of dairy 

products per day (based on Canada’s Food Guide 2007 (53), in effect at the time of study 

inception). This nutrition intervention ensured that participants’ calcium intake surpassed 

the estimated average requirements (EAR) for pregnant women of 800 mg/d (28) in 99% 

of participants at mid- and end of pregnancy (Chapter 5). In comparison, the control 

group consumed their habitual intake, which was above the EAR in 88% of participants 

at mid- and early pregnancy. On average, participants in the intervention group consumed 

500 mg/day more calcium than the control group, which is statistically and clinically 

significant, supporting its role in the observed protection effect on maternal bone of the 

Nutrition+Exercise intervention at the end of pregnancy. Moreover, this additional 

calcium intake might have supported fetal growth. Indeed, an estimated 300 to 350 mg of 

calcium per day is delivered through the placenta from the 35th week gestation onwards 

(reviewed by (11)). Although the current DRI for calcium intake during pregnancy 
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assumes compensatory maternal mechanisms, specifically enhanced intestinal absorption 

mediated by the up-regulation of 1,25(OH)2D to meet the fetal calcium needs, our 

observations suggest that higher calcium intake is beneficial for the mother’s bone health 

by reducing bone resorption and maintaining bone formation. As we have not measured 

intestinal calcium absorption, we can only speculate that a calcium intake higher than the 

current DRI can minimize the body’s reliance on the other compensatory mechanism of 

bone resorption to meet fetal calcium needs. The higher total daily calcium intakes in 

participants in the intervention group are attributable to higher food calcium intake, as 

supplement intake was stable. Results from the Bone-BHIP study support the hypothesis 

that dairy foods provide a unique benefit, partly explained by higher calcium intake, on 

maternal bone health during pregnancy.  

 

Another strength of the Bone-BHIP study and its contribution to current knowledge was 

the attention put towards improving compliance and measuring adherence to the two 

components of the intervention. Adherence to the nutrition component of the intervention 

was maximized by providing participants with dairy products and recipe ideas during 

their bi-weekly personalized nutrition counseling session (Chapter 2). This strategy also 

ensured participants consumed the targeted amount of dairy food. For the exercise 

component, having participants track their step counts with a pedometer and record their 

daily counts maximized adherence (Chapter 2). We planned a priori to measure 

adherence to both the diet and exercise interventions (Chapter 2). In general, participants 

complied with the nutrition component, but not with the exercise component. 
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Unexpectedly, women in the intervention group did not significantly increase their daily 

step counts over the pregnancy period (Chapter 5). The exercise component of the 

intervention focused on steps counts and daily walking. Current recommendations by the 

Society of Obstetricians and Gynaecologists of Canada, and the Canadian Society for 

Exercise Physiology (54) encourage women to practice exercise throughout pregnancy 

for health benefits beyond bone health, and walking is among the recommended physical 

activity women can undertake. The goal of 10,000 steps is a reasonable estimate of daily 

activity that would likely confer health benefits to most adults (55), while being safe and 

accessible to women throughout pregnancy irrespective of their baseline physical activity 

level (56). Yet, we observed low adherence to this component of the intervention, where 

participants in the intervention consistently did not reach the target of 10,000 steps/day, 

but instead counts were similar to the control group (mean daily steps in second trimester 

= 5992, third trimester = 4937). Assessing other forms of exercise that participants 

engaged in during pregnancy might decipher subgroups of women who might have 

benefited from the positive impact of exercise on bone health, notably when associated 

with a mechanical load (57). The next steps are to assess all forms of self-reported 

exercise captured by the Bone-BHIP Study exercise questionnaire that participants 

completed prospectively throughout pregnancy, and corroborate these results with the 

accelerometry data. This global assessment of their physical activity practices will allow 

evaluation of the effects of walking, as well as other bouts of exercise with detailed 

intensity, duration and frequency on maternal bone health in the periconceptual period. 
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Compliance with the nutrition component appeared greater than with the exercise 

component, with the caveat that nutrition was predominantly self-reported, while steps 

counts were objectively measured by accelerometry at each trimester. Indeed, participants 

verbally reported their food intake during interviews with study nutritionists and 

completed three-day food logs at each trimester (Chapter 2). The bias in under-reporting 

dietary intake is documented in adults (58,59), and the reliability limitations of food 

records are reported in the pregnant population (systematically reviewed in (60)). Yet, 

energy intakes were similar between groups during pregnancy, suggesting that results can 

be confidently interpreted even if reporting bias might have occurred. Even with the 

possibility of underreported food intake, the intervention successfully provided more 

servings of dairy products, proteins and calcium when compared to baseline. The next 

step is to employ metabolomics techniques to develop serum metabolomic biomarkers of 

dairy protein intake, and overcome the limitations associated with self-reported food 

intake. Metabolomic profiling of participants enrolled in clinical trial is a promising 

avenue to identify robust markers of dietary composition, and ultimately measure 

individual adherence to a given intervention (61). In the context of the Bone-BHIP study, 

a serum biomarker would allow for a true measure of adherence to the intervention, and 

would strengthen the approach to measure the intervention impact on maternal bone 

outcomes.  

 

The effect of the Nutrition+Exercise intervention was not sustained in the post-partum 

period, as observed by similar concentrations of bone biomarkers between groups. This 
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aligns with what we hypothesized, and is not surprising since participants in the 

intervention group did not integrate the dietary changes into their lifestyle in the post-

partum period (Chapter 5). As a result, participants in the intervention group returned to 

their baseline dietary intake of total protein and calcium, which seemed to have been the 

key changes explaining the benefits observed at the end of pregnancy. Although their 

protein intake from dairy products remained statistically higher than participants in the 

control group, the difference was not clinically significant (17g versus 14g in the control 

group). No differences were observed between groups in serum concentrations of bone 

biomarkers, not surprisingly as these measures reflect short-term changes (62) and 

respond to dietary changes (63). 

 

No differences were observed between groups on the BMD measured at six months post-

partum. In addition to participants going back to their usual dietary intake, another 

explanation for the lack of impact of the Nutrition+Exercise intervention is the overall 

low adherence to the exercise component of the intervention during pregnancy (Chapter 

5). When exercise is practiced outside, sunshine exposure can support adequate vitamin 

D status in pregnant women, as reported in a cohort of pregnant women enrolled in an 

exercise program during pregnancy (64). Additionally, weight-bearing exercise might 

exert a positive impact on maternal BMD. The positive impact of weight-bearing exercise 

on BMD in non-pregnant pre-menopausal women was reported by some (57) but not all 

studies (65). Given the limitation of a one-time DXA measure post-partum we could not 

adjust for baseline BMD measured due to the study design and enrolment happening in 
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pregnancy. Ideally, future studies would enroll participants pre-conception and obtain a 

baseline BMD measure. 

 

The Bone-BHIP study addresses an important knowledge gap by following participants 

for six months post-partum, thus delineating the effect of pregnancy versus the post-

partum period, and how important factors such as lactation practices and maternal 

adiposity changes might impact perinatal maternal bone metabolism adaptations. This 

allowed us to carefully adjust our statistical analysis for outcomes at six months post-

partum such as duration and intensity of lactation, maternal adiposity and season at 

enrollment. These covariates have been reported in the literature to impact maternal bone 

health metabolism (20,21,30), but have never been studied synergistically within a cohort 

at repeated time points throughout pregnancy and the post-partum. 

 

As alluded to specifically regarding the vitamin D pathway, genetics is emerging as an 

important modulator of skeletal phenotypes. The future step of the Bone-BHIP study is to 

investigate the importance of genetics in modulating perinatal changes, and how the 

intervention might interact with genes to impact bone metabolism outcomes. 

Observational studies (66,67) and genome-wide association studies (GWAS) have 

revealed the importance of genetic determinants in various skeletal phenotypes in human, 

including BMD (reviewed by (68)). Up to 50-80% of the variance in BMD is attributable 

to genetics (66). Within the Bone-BHIP study, we can investigate the interactions 

between genes associated with bone health, and high dairy diet supplementation on bone 
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status in mothers in the periconceptual period. Although we have a modest sample size to 

perform a gene x intervention interaction analysis, doing so could identify subgroups of 

women who might have responded better to the Nutrition+Exercise intervention than 

others, based on SNPs of relevant genes. Identifying ‘good’ and ‘poor’ responders to 

lifestyle interventions is of public health interest within the context of osteoporosis 

prevention, and the Bone-BHIP study could represent an opportunity to elucidate 

questions about interaction of genes and environmental factors such as diet and exercise 

on maternal and offspring bone metabolism. 

 

6.4. Concluding statement 

The Nutrition+Exercise intervention in the Bone-BHIP study reduced maternal bone loss 

during pregnancy compared to the control group. Our RCT is novel as it was based on a 

lifestyle intervention, using whole dairy foods and a feasible walking program for women 

throughout pregnancy, and thus represents a realistic intervention to support maternal 

bone health in a community setting (Figure 1). 

 

Our results provide normative biochemical measures of bone metabolism for women of 

childbearing age as we completed a global assessment of bone biomarkers at three time 

points throughout pregnancy and the post-partum, including cord blood analysis. Our 

results provide valuable data for healthy Canadian women throughout pregnancy and the 

post-partum period, at least those living in South Western Ontario as pregnant women are 
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not sampled by the national nutrition and health surveys in Canada.  

 

The serum calciotropic hormones were measured using the gold standard analytical 

method (69), and we selected clinically relevant serum bone biomarkers as per 

recommendation from an international expert consensus (63). We completed our bone 

metabolism assessment by performing maternal DXA scanning of two skeletal sites at six 

months post-partum, the gold standard method to assess BMD (70). Our study is of high 

quality having prospective repeated measures, detailed assessment of maternal dietary 

habits including supplement intake, and lactation practices described in the post-partum 

period. As a result, the Bone-BHIP study addresses many of the knowledge gaps 

identified (Chapter 1) in the field of maternal bone health in the periconceptual period. 

Our study is clinically relevant as our comprehensive assessment of the determinants of 

maternal vitamin D status revealed that contrary to popular belief, the majority of healthy 

pregnant women of European descent are not vitamin D deficient in Southern Ontario, 

due to season and prenatal supplement intake. Thus, public health messages can be 

derived from our data. 

 

Future steps could include studying the gene x intervention interaction in the individual 

response to the Nutrition+Exercise intervention. Detailing participants exercise profile 

beyond daily step counts could also provide knowledge of the potential impact of 

exercise on maternal bone health outcomes. Lastly, measuring offspring bone health 

could provide insight on the potential programming effect of maternal lifestyle and 
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maternal vitamin D status on early life skeletal growth. 
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