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ABSTRACT 

Background: Environmental chemicals may interrupt physiological adaptations necessary in 

pregnancy, contributing to pregnancy complications with health implications for the mother and 

child.  Nutrients may modify the impact of chemical exposures by blocking their absorption or 

facilitating their excretion. However, the nature, directionality, and implications of these 

relationships remain unclear.   

Objectives: We sought to understand: 1) the potential bidirectional nature of the relationship 

between vitamin D (25-hydroxyvitamin D, 25OHD) and the toxic metals cadmium (Cd) and lead 

(Pb) in pregnancy; 2) the association between metals (Cd, Pb, arsenic (As), mercury) and 

preterm birth and the potential modification of that association by 25OHD; and 3) the long-term 

association of pregnancy complications with maternal cardiometabolic health.   

Methods:  We used data from the Maternal-Infant Research on Environmental Chemicals Study 

(n=1983) pregnancy cohort, including long-term follow-up approximately 9 years post-

pregnancy.  We used cross-lagged panel models to determine the direction of the relationship of 

25OHD with Cd and Pb in pregnancy, discrete-time survival analysis to examine the association 

between metals in pregnancy and preterm birth, and multivariable linear regression to investigate 

the association of pregnancy complications with long-term maternal outcomes.   

Results: Each doubling in first trimester 25OHD concentrations was associated with 9% (95% 

CI: -15%, -3%) lower 3rd trimester Cd and 3% (-7, 0.1%) lower Pb. One-unit increases in Pb 

(μg/dL) and arsenic (μg/L) concentrations in pregnancy were associated with an increased 

relative risk (RR) of preterm birth (RRPb: 1.48, 95% CI: 1.00, 2.20; RRAs: 1.10, 95% CI 1.02, 
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1.19); the association with Pb was stronger among those with lower 25OHD.  Finally, relative to 

uncomplicated pregnancy, experiencing a pregnancy complication was positively associated with 

body fat percentage (β=2.6, 95% CI: 0.3, 4.8) and systolic (average increase of 9.0 mm Hg, 95% 

CI 5.1, 12.8) and diastolic (average increase of 5.5 mm Hg, 95% CI: 2.6, 8.4) blood pressure 9 

years later.   

Conclusions:  Nutrient status during pregnancy may affect and interact with environmental 

chemicals to impact pregnancy outcomes. Future studies should continue to use methods that 

elucidate the causal direction of associations and evaluate interactions. Chemicals associated 

with pregnancy complications could have lasting impacts on maternal health.   
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CHAPTER 1: INTRODUCTION 

1.1 OVERVIEW OF THESIS AND RATIONALE 

A growing body of evidence suggests that all age-related or chronic diseases have multifactorial 

causes that include dietary deficiencies, exposure to environmental agents and genetic 

susceptibility 1,2. In pregnancy, deviations from optimal micronutrient levels have been 

associated with both fetal and maternal morbidity 3.  Low vitamin D concentrations have been 

associated with an increased risk of preterm birth 4, and trials suggest that vitamin D 

supplementation may reduce this risk 5. The Public Health Agency of Canada recommends that 

during pregnancy, individuals should use Canada’s Food Guide and take a daily multivitamin 

containing 400µg of folic acid; but no specific recommendations for vitamin D are given 6.  At 

the same time, studies have shown exposure to environmental chemical exposures throughout the 

life course to be associated with adverse outcomes in the pregnant mother and her fetus(es)7, as 

well as childhood 8,9 and adult disease 10,11. Such exposures are thus of major environmental and 

public health concern.  Reports on the impact of environmental chemicals on health have been 

released by the endocrine society 12, the International Federation of Obstetrics and Gynecology 

13, and the World Health Organization 14.  In addition, several countries have implemented 

population-based biomonitoring programs to monitor chemical levels in their populations 15–17.    

 

Experts of nutritional sciences, medicine and environmental toxicology stress the growing need 

to further understand the complexity of exposure mixtures 18 and the interplay between 

environmental exposures, nutrition and disease risk 1,2,19–23.  There are questions related to the 

potential bidirectional association between environmental contaminants and nutrients.  For 
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example: 1) is environmental chemical absorption, distribution or metabolism modified by 

nutrients and/or; 2) are there alterations in nutrient metabolism by environmental chemicals (See 

Figure 1). There are also questions about how environmental contaminants and nutrients, 

individually or in interaction with one another, affect shorter- and longer-term health risks. 

Figure 1:  Nutrient and Toxicant Interplay 

 

Pregnancy is a sensitive time period with physiologic changes that may make the pregnant 

person more susceptible to the harmful effects of environmental contaminants such as heavy 

metals, and to inadequate nutritional status, such as low vitamin D. Understanding how 

environmental exposures and nutrients relate to pregnancy outcomes is thus important for the 

health both of the fetus/child and of the mother over the longer-term. In addition, investigating 
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these relationships during the sensitive period of pregnancy may help us to more broadly 

understand the impacts of environmental exposures and nutrition and their interactions on human 

health.  

 

In this thesis, I investigated the potential relationships between metal exposures and vitamin D in 

pregnancy, and their relationship with preterm birth and specific preterm birth phenotypes (early 

vs late; spontaneous vs. medically induced).  I then investigated the potential long-term impact of 

pregnancy complications on maternal health approximately 9 years postpartum.  

 

1.2 VITAMIN D BACKROUND 

Vitamin D is one of the primary biological regulators of calcium homeostasis 24 and is important 

for bone mineralization and neuromuscular function 25.  Vitamin D status is influenced by many 

factors including variation in sun exposure and intensity (e.g. clothing, air pollution, sunscreen 

use, latitude, time of day, skin pigmentation,  season), age, obesity and several chronic diseases 

as well as dietary and supplement intake 26,27.   

Vitamin D Status 

The most widely accepted biomarker of vitamin D status is serum 25OHD given that this is the 

key substrate required conversion to the biologically active form, 1,25-hydroxyvitamin D 

(1,25(OH)2D, also known as calcitriol) 24.  The half-life of 25OHD is 2-3 weeks in circulation in 

contrast to calcitriol, which has a half-life of only 4-6 h.  In addition calcitriol is present in very 

low concentrations (1000 fold less than 25OHD) and is variable through the day with multiple 

peaks and nadirs making it a difficult biomarker to interpret 28 .  It is estimated that 85-90% of 
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25OHD is bound to vitamin D binding protein (DBP), 10-15% to albumin and less than 1% is 

free or unbound.  The biomarker 25OHD is based on the sum of bound and free 25OHD 

[25OHD2 and 25OHD3]29 (See Appendix A: Vitamin D Backgrounder, Figure 2).      

 

In common with other nutrient trials and distinct from many pharmaceutical trials, a difficulty in 

vitamin D supplementation trials is that participants have differing baseline circulating levels of 

25OHD as well as differing activity levels of the enzyme, cytochrome P450. For example, when 

vitamin D status is inadequate, CYP24A1 enzyme activity (hydroxylates both 25OHD and 

1,25(OH)2D) is lower so the response to intakes will be increased.  The nutrient-response curve 

is an inverted U-shape, where initially the risk of adverse effects from deficiency decline as 

intake increases up to what is defined as an adequate range.  Above this range, the risk of adverse 

effects may increase. Thus, the response by an individual to increased intake depends on their 

starting point on this curve 30.    Above this range, the risk of adverse effects may increase.   

There is great heterogeneity in how studies define vitamin D deficiency and sufficiency.  There 

is limited consensus on the criteria for insufficient/sufficient concentrations of vitamin D in 

pregnant women.  Health Canada and the Institute of Medicine recommend 600 IU/d intake of 

vitamin D during pregnancy 31,32.  The Institute of Medicine has no specific recommendation for 

pregnant women but suggests that 25OHD concentrations >50 nmol/L are sufficient to prevent 

bone manifestations of vitamin D deficiency in practically all people 32. The Canadian Paediatric 

Society defines optimal 25OHD concentrations at 75 to <225 nmol/L for pregnant and lactating 

women 33.  This level is incongruent with the IOM which considers concentrations above >125 

as having the potential to cause adverse advents.   
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Health Canada’s 

Recommended Dietary 

Allowance (RDA) is 600 IU 

for adults; set to ensure 

adequate vitamin D status 

without sun exposure given 

public concerns over skin cancer 31 (Table 1).  Experts agree that concentrations of 25OHD <30 

nmol/L put people at risk for deficiency (i.e. two metabolic diseases - rickets in growing children 

or osteomalacia in older children or adults) 31,34.  Both the Institute of Medicine and Health 

Canada agree that serum 25OHD concentrations ≥50 nmol/L are sufficient for bone health in 

most people while serum concentrations >125 nmol/L may be of concern 31.  Excessive intake of 

vitamin D can cause severe hypercalcemia leading to clinical symptoms of confusion, apathy, 

recurrent vomiting, abdominal pain, excessive  

urination (polyuria), thirst  

 (polydipsia) and 

dehydration 35.   

 

Inadequate (defined as levels 

ranging between 30-50 

nmol/L) or deficient vitamin 

D status has been associated 

with increases in risk of cardiovascular disease, cancers, poorer immune function regulation and 

Table 1: Dietary Reference Intakes (DRIs) 
 Recommended 

Dietary 
Allowance 
(RDA) per day 

Tolerable Upper 
Intake Level (UL) 
per day 

Infants (0-6 mo.) 400 IU 1000 IU 
Infants (7-12 mo.) 400 IU 1500 IU 
Children (1-3 y) 600 IU 2500 IU 
Children (4-8 y) 600 IU 3000 IU 
Children & Adults (9-70 y) 600 IU 4000 IU 
Adults (>70y) 800 IU 4000 IU 
Pregnancy & Lactation 600 IU 4000 IU 

Table 2: Vitamin D Status31 
 25OHD concentration 

nmol/L ng/mL 
Deficient <30 <12 
Inadequate:  for bone and overall 
health (some people potentially at 
risk for inadequacy) 

30-50 12 to <20 

Sufficient: adequate for bone and 
overall health for practically all 
people 

>50 to 
≤125 

≥20 to <50 

Of potential concern >125 >50 
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adverse pregnancy outcomes 4,36–40.  However, there are important controversies surrounding 

vitamin D research including the definitions of insufficiency and inadequacy, and the role of free 

versus total 25OHD measurement 41.   

 

The next sections will introduce the toxic metals we examined in this thesis and the potential for 

interaction with vitamin D. Vitamin D is a probable antioxidant 42 and may help to counteract the 

effects of toxic metals.  On the other hand, metals are known to cause nephrotoxicity 43–45  and 

act as endocrine disruptor 46, potentially disrupting vitamin D metabolism.   

1.3 TOXIC METALS  

There is no known safe level of exposure to toxic heavy metals. The half-life of metals ranges 

from hours to decades depending on the biological matrix (See Table 3).   

Table 3:  Heavy Metal half-lives in various biological matrixes 
Metal Blood Urine Bone Kidney Liver References 
Lead 20-40 d  10-30 

y 
20-40 d 20-40 

d 
47 

Mercury 
(total) 

42-70 d     48,49 

Cadmium 3-4 mo   6-38 y 4-19 y 50,51. 
Arsenic  20 h 4 d    52 

 

Heavy metals are naturally occurring elements that have high atomic weight and density (≥5 

times that of water) and include lead (Pb), mercury (Hg), cadmium (Cd), arsenic (As) and 

manganese (Mn)53.  The main source of exposure to heavy metals for most people is food (e.g. 

arsenic in rice, mercury in wild fish) but other sources include water, soil, dust and air (industrial 

and mining emissions or automobile exhaust).  In the case of Pb, common exposure sources 

include paint chips from older houses, some imported costume jewellery, improperly glazed 



7 
 

pottery or ceramic dishes and leaded crystal glassware (ATSDR, 1999, 2007a, 2007b, 2012).  

The main source of non-occupational Cd exposure is smoking 58.  

 

Arsenic exposure consists of both organic and inorganic arsenic (InAs).  Organic arsenic is 

mainly found in seafood, is largely comprised of non-toxic arsenosugars, arsenolipids and 

arsenobetaine (AsB) and excreted essentially unchanged in urine 59. In contrast, InAs is mainly 

stored in the liver over the long-term and is a known human carcinogen 60.  Long-term exposure 

to arsenic can increase the risk of skin, bladder and lung cancer 61.   Occupational exposure to 

InAs is mainly through inhalation of industrial emissions such as non-ferrous smelting, arsenic 

production, wood preservation, glass manufacturing and the production and application of 

arsenic-based pesticides and electronics.  Non-occupational exposure to inorganic arsenic can 

occur through food (e.g. rice, apple juice, red wine) or water, in regions of high levels of 

naturally occurring arsenic (Taiwan, Bangladesh, West Bengal (India), northern Chile and 

Cordoba Province, Argentina) 61.    

 

Mercury exists as elemental Hg (metallic Hg), inorganic Hg, and organic Hg (methylmercury, 

meHg).  In the general population, the main sources of Hg exposure are organic Hg from seafood 

(tuna, marlin, swordfish, and shark 62), inorganic Hg from emissions (coal-fired power plants, 

municipal and medical waste burning63) and skin-lightening products in some countries 63, and 

elemental Hg (Hg vapour) from dental amalgams 56.   
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1.4 TOXIC METALS AND VITMAIN D 

While the exact mechanism by which heavy metals and vitamin D interact is not completely 

understood, but at least four plausible mechanisms have been identified (See Figure 2).  Firstly, 

metals such as Pb and Cd are known to cause nephrotoxicity and affect vitamin D metabolism 

through the inhibition of the 1-α-hydroxylase enzyme in the proximal renal tubules 43–45 therefore 

affecting renal hydroxylation of 25OHD to 1,25(OH)2D.  The resulting reduction in 1,25(OH)2D 

in turn results in impaired calcium absorption across the GI tract and proximal renal tubules 43.  

For example, the most severe form of chronic high dose Cd exposure is itai-itai disease,  

characterized by proximal tubular dysfunction in the kidneys 64 and multiple bone fractures due 

to osteomalacia, identified in the Jinzu River basin of Toyama Prefecture, Japan.  The river had 

been polluted with heavy metals by slag from an upstream mine polluting the soil in rice paddies 

through irrigation. Patients with itai-itai disease, and Cd-exposed people with renal damage were 

found to have lower concentrations of the biologically active form of vitamin D (1,25(OH)2D3) 

than non-exposed people.44,65  Other studies of individuals exposed to high Cd levels through 

pollution similarly found associations with vitamin D binding protein production44,66,67.  Vitamin 

D binding protein is important for the transport of 25OHD from the liver to the kidneys so it can 

be hydroxylated to its active form, 1,25(OH)2D.   
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Figure 2: Potential Mechanisms that Metals are associated with Vitamin D concentrations 
 

 

 

 

A second mechanism many relate to intestinal absorption of metals.  1,25(OH)2D production 

may stimulate intestinal metal absorption through the Ca2+-binding protein (See Figure 3) 45.  

Therefore, calcium (Ca) status may play an important role.  Low Ca and high parathyroid 

hormone (PTH) stimulate the production of the biologically active form of vitamin D, 

1,25(OH)2D, which in turn binds with the Vitamin D receptor retinoid X receptors VDR-RXR 

heterodimer to stimulate intestinal absorption of Ca.  The Ca2+-binding protein in intestinal cells, 

responsible for Ca2+  absorption from the small intestine 68, also binds Pb2+ and Cd2+ and may be 

the mechanism for the absorption of these divalent cations.   However, experimental studies 
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suggest that other mucosal proteins play an important role in the absorption of lead 69.  Prior to 

the discovery of vitamin D in the early 1930s 70, summer outbreaks of pediatric Pb poisoning 

were reported.  Later it was thought that increased summer solar exposure and vitamin D 

production in the skin resulted in an increase in Ca2+-binding protein, in turn causing the 

increased absorption of lead 45.  Corroborating these possible mechanisms, calcium 

supplementation may also reduce blood lead levels 71.     

Figure 3: Vitamin D, Calcium and Metals 

 

Reference: Moon, J. (1994) ‘The role of vitamin D in toxic metal absorption: A review’, Journal of the 

American College of Nutrition, 13(6), pp. 559–564. doi: 10.1080/07315724.1994.10718447. 

 
VDR=vitamin D receptor; Ca=Calcium; PTH= Parathyroid Hormone; 1,25(OH)2D= 1-
25hydroxyvitamin D (also known as calcitriol) 
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A third mechanism may be endocrine disruption. 1,25(OH)2D is a steroid hormone which 

functions like other steroid hormones (estradiol, cortisol and aldosterone) by interacting with the 

VDR-RXR heterodimer 24. Therefore, most tissues that possess the enzyme 1α-hydroxylase 

could be considered endocrine tissues that converts 25OHD to the hormonal form 1,25(OH)2D. 

An endocrine disrupting chemical is defined as a chemical or mixture of chemicals that interferes 

with normal hormone biosynthesis, signalling, or metabolism in the human body 72,73.   

Specifically, this means that an endocrine disrupting chemical can: 

1) bind to a hormone receptor causing activation or inhibition of its signalling pathway, 

2) interact with components of the signal pathway downstream of the receptor, 

3) stimulate or inhibit endogenous hormone biosynthesis, 

4) bind to circulating hormone-binding protein (i.e. vitamin D binding protein), 

5) stimulate or inhibit hormone-binding protein synthesis or degradation (i.e. vitamin D 

binding protein), and/or 

6) stimulate or inhibit hormone receptor expression 74. 

Close to 1000 chemicals, including metals 46, have been identified as potential endocrine 

disrupting chemicals yet many chemicals in commercial use have not been tested, leaving 

uncertainty surrounding the health risks of these chemicals 75,76. For vitamin D, endocrine 

disrupting chemicals could cause induction or inhibition of the cytochrome P450 enzymes, 

vitamin D binding protein77 or VDR-RXR heterodimer 78.  

Finally, the fourth mechanism stems from studies that suggest that metals induce oxidative stress 

48,79 which may disrupt vitamin D metabolism through an effect on the CYP2R1 enzyme 80.  

Increasing concentrations of blood lead have been associated with decreased antioxidant activity, 
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including the antioxidant, glutathione 81.   Moreover, studies show a positive association of 

glutathione and one of its building blocks (L-cysteine), with 25OHD serum concentrations in 

people who are obese and have type II diabetes 82,83.  Supplementation with L-cysteine was 

shown to elevate glutathione, up-regulate 25-hydroxylase activity in the liver, and improve 

serum 25OHD 83.    

 Studies of examining the association between metals and vitamin D 

Several occupational studies have identified associations between high levels of exposure to 

heavy metals and vitamin D concentrations. For example, battery manufacturer workers exposed 

to Pb in India had lower levels of serum 25OHD compared to controls 84,85.  Among male smelter 

works from Israel, a study also identified variations in 1,25(OH)2D3 based on groupings by Cd 

and Pb concentrations 86.  Those with high Cd and low Pb showed the lowest concentrations of 

serum 1,25(OH)2D3, compared to others with low levels of both contaminants or high levels of 

both contaminants.  In Bangladesh, jewellery workers exposed to lead fumes and dust for the last 

10-25 years had significantly higher blood lead levels (69 vs 15 µg/dL) and lower 25OHD 

concentrations (13 vs 33 ng/mL) compared to controls who were office workers not directly 

exposed to fumes but working in the same facility43.  

 

Studies of children and pregnant women have also identified relationships between heavy metals 

and vitamin D. For example, cross-sectional studies in the U.K. 87 and south east China 88 found 

inverse correlations between blood lead levels and serum 25OHD in children.  Chang et al. 84 

found that a greater proportion of children with 25OHD concentrations ≥39 ng/mL had low 

blood lead levels (61.4%) compared to children with insufficient (24.4%) or deficient (14.1%) 

25OHD.  In an intervention study to reduce blood lead levels in children 89, mean serum 25OHD 
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was significantly lower in children ages 1-5 years with higher blood lead levels (among children 

with Pb concentrations in blood  ≥60 ug/dL, mean 25OHD was 20 ng/ml) compared to children 

with intermediate blood lead levels (among those with Pb 30-59 ug/dL, mean 25OHD was 28 

ng/mL) and lower blood lead levels (with Pb ≤29 ug/dL, mean 25OHD was 27 ng/mL).  A recent 

study from the U.S. LIFECODES pregnancy cohort (n=381), reported that higher concentrations 

of 25OHD (>50 nmol/L) were associated with lower levels of urinary Pb, but not Cd, in the 2nd 

trimester 90.  Just 34% of women had 25OHD concentrations that were considered low (below 50 

nmol/L).  Those participants with low 1st trimester 25OHD concentrations (<50 nmol/L) had 

47% higher urinary lead concentrations in the 2nd trimester.  In Canada, in the MIREC cohort 

study, investigators found  significant inverse associations between estimated vitamin D intake in 

pregnant women (as estimated from a food frequency questionnaire) and maternal Cd, Pb, Mn 

and Hg, as well as cord blood Pb 91.  Finally, a recent randomized controlled trial in Bangladesh 

92 investigated whether vitamin D supplementation increased the absorption of Cd and Pb.  

Pregnant participants in their 2nd trimester were randomized to receive weekly doses of 4,200, 

16,800 or 28,000 IU of vitamin D3 throughout pregnancy. The results did not show any 

association of vitamin D3 dose with metal levels during pregnancy, but there was a significant 

increase in cord blood Pb and Cd among higher dosed groups compared to placebo.  Noteworthy, 

this population had much higher metal levels than found in Canada.   

Summary: Association between Vitamin D and Metals 

There is a body of published evidence indicating that long-term, high levels of exposure to  

heavy metals is associated with lower vitamin D status.  However, less is known about lower 

doses of heavy metals that also appear to disrupt vitamin D metabolism through endocrine 

disruption, nephrotoxicity and/or the inhibition of 1-α-hydroxylase enzyme in the renal tubules.  
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In addition, although vitamin D is considered a probable antioxidant 42, metals have been shown 

to induce oxidative stress and reduce important antioxidants in the body, and this may in turn be 

associated with lower serum 25OHD 81.  Existing occupational studies in smelter workers 86, 

lead-acid battery manufacturers 84, and jewellery workers 43 are focused on high levels of 

exposure. The majority of reported studies (occupational and general population) investigating 

the impact of  environmental exposures in the population have used cross-sectional designs, 

leaving uncertainty with respect to the temporal direction of associations between metals and 

vitamin D. Finally, few studies have looked at the relation between metals and vitamin D in the 

pregnant population.    

A number of studies suggest that vitamin D status and toxic metals are associated with preterm 

birth.  The next sections go on to explore this literature.   

https://acamh.onlinelibrary.wiley.com/doi/10.1111/jcpp.13395
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1.5 PRETERM BIRTH 

Direct complications of preterm birth are the leading cause of death among children under 5 

years of age globally 93. Preterm birth is believed to be causally related to neurodevelopmental 

disorders 94 and is associated with an increased risk of childhood asthma 95, and cardiovascular 

diseases in young adulthood 96. Having a preterm baby has also been identified as associated 

with approximately a doubling of the risk of a future cardiovascular disease in women 97,98.  

 

Global estimates suggest that the rate of 

preterm birth, defined as birth <37 wk 

gestational age (GA), is approximately 

10.6% of all live births 101 and the rates 

appear to be increasing in nearly all 

countries.  In Canada the rate of preterm 

birth increased from 7.21% in the year 

2000 to 8.15% in 2014 102. The majority of preterm births occur in the late preterm period (34+0 

to 36+6 weeks)  103.   

 

Although several factors associated with preterm birth (Table 4) have been identified, the precise  

etiology for preterm birth remains elusive 100. McElrath et al. (2008) describes 6 pregnancy 

conditions that lead to preterm delivery: ‘spontaneous’ preterm labour, fetal indication/IUGR, 

preterm premature rupture of membrane (pPROM), preeclampsia, placental abruption, and 

cervical insufficiency. The authors suggest that these can be further classified into 2 broad 

categories:  

Table 4: Risk Factors for Preterm Birth 
 
Potentially Modifiable  Non-modifiable 
BMI (maternal obesity)  
Cigarette smoking Prior preterm birth 
Drug and alcohol use Age <18 or >40 years 
Absent prenatal care Low SES 
Short inter-pregnancy interval Cervical injury 
Anemia Uterine anomaly or fibroid 
Bacterial urinary tract infection Multiple pregnancy 
Genital infection  Vaginal bleeding 
High personal stress or 
strenuous work 

Excessive uterine activity 

High Temperatures Pregnancy complications 
(i.e. preeclampsia) 

Maternal zinc deficiency  
References: 99,100 
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1) The “inflammatory” group characterized by evidence of inflammation and infection 

(without indicators of impaired placentation), which includes spontaneous preterm 

labour, pPROM, placental abruption and cervical insufficiency.   

 

2) The “placental dysfunction” group characterized by the relative absence of 

inflammation but evidence of abnormal placentation (infarcts and syncytial knots in 

the placenta). It includes medically indicated preterm deliveries, subsequent to 

conditions such as preeclampsia or intrauterine growth restriction. On average, 

women in this group delivered at older gestational ages 104.  

 

1.6 PRETERM BIRTH, METALS and VITAMIN D 

Hypothesized mechanism: Inflammation and Oxidative stress 

Heavy metals may be associated with preterm birth through oxidative stress and inflammation 79.  

“Oxidative stress” is defined as an imbalance between cellular reactive oxygen species (ROS) 

and antioxidants 105 and has been associated with a number of pregnancy outcomes including 

preterm birth 106,107. ROS are “molecules containing at least one atom of oxygen and have the 

potential to generate free radicals” 106.  ROS are important in cellular function however their 

excess can cause DNA, lipid and protein damage.  Infection and metals such as Pb are known to 

up-regulate ROS 79 while micronutrients are known to down-regulate ROS 108.  ROS can also 

stimulate pro-inflammatory enzymes 109.  Studies have shown associations between a group of 

intracellular proteinases called matrix metalloproteinases (MMPs) and metals 110,111.  MMPs act 

broadly to regulate the inflammatory process 112 and, importantly in the context of pregnancy, 
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they are involved in embryo implantation, placentation, and cervical dilation 113,114.   In a 

pregnancy cohort, metal-specific changes in MMP profiles were observed with trimester-specific 

differences in MMP responses 111.  Elevated MMP-1 and MMP-2 have shown borderline 

statistical associations with premature rupture of membranes (PROM) while MMP-9, which has 

known associations with cervical ripening and preterm birth 115, was associated with elevated 

mercury and lead exposure in the first trimester. 

 

Studies suggest that vitamin D may also play a role in antioxidant activity 42.   In a double blind 

RCT of 48 pregnant women who were randomized to receive 400 IU/d of cholecalciferol (D3) 

supplements or placebo for 9 weeks, investigators found significant decreases in inflammatory 

markers (C-Reactive Protein) and significant increases in plasma total antioxidant capacity and 

total glutathione concentrations, a known antioxidant, among those who received the vitamin D 

supplements 116.    In another RCT of 60 women with gestational diabetes, participants had 

reduced concentrations of biomarkers of inflammation and oxidative stress after co-

supplementation with magnesium, zinc, calcium and vitamin D 117.  

Vitamin D and Preterm Birth: Epidemiologic Evidence 

In a meta-analysis of ten observational studies, including over 10,000 participants, investigators 

estimated an increased risk of preterm birth for participants with 25OHD concentrations <20 

ng/mL (OR=1.29, 95% CI: 1.16, 1.45)  and <30 ng/mL (OR=1.25, 95% CI: 1.11, 1.40) compared 

to participants with concentrations above those levels. The sensitivity analysis showed that the 

removal of any single study yielded similar results to the combined effect 4. In addition, a recent 

meta-analysis of 6 intervention studies 3,116,118–121 found that vitamin D supplementation alone 

during pregnancy was associated with a reduced risk of preterm birth (pooled RR=0.57, 95% CI: 
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0.36-0.91) 5.  However, the synthesized trials varied in quality, supplementation dose and design.   

Metals and Preterm Birth: Epidemiologic Evidence 

Studies examining the association between heavy metals and preterm birth have yielded 

inconsistent results with most studies focusing on Pb and Cd.   Many studies have limited power 

and/or focus on highly exposed populations.  A few studies have examined the effect of metals 

based on the timing of the preterm birth (early, moderate, or late during the preterm period of 

<37 weeks); however inconsistency exists in these definitions across studies 122–124.  Timing of 

exposure during pregnancy may also be important but has been compared in just two studies 

123,125.  In a paper by Ferguson and Chin126 it was recommended that to understand the 

mechanisms behind chemical exposures and preterm birth and to strengthen our ability to make 

causal inferences, it is important to  separate preterm birth phenotypes in the analysis and to 

measure the association of exposures with biomarkers of metabolic pathways.  No study has 

looked at the potential interaction between vitamin D and metal concentrations in association 

with preterm birth.  

Lead and Preterm Birth:  Pregnancy cohort studies from China (meanPb 1.5 µg/dL) 100,123, Iran 

(GMPb 3.8 µg/dL) 127,  Australia (meanPb 10.6 µg/dL)128 and the United Kingdom (meanPb 3.7 

µg/dL)129 have found elevated odds of preterm birth with increasing maternal blood Pb 

concentrations.  In addition, studies from India 130, Indonesia 108, Australia 131  and Spain 132 have 

shown elevated placental Pb levels in preterm versus term deliveries.  In contrast, other studies 

that measured maternal blood Pb exposure during pregnancy124,133,134, at birth 108 or at the time of 

follow-up135, did not report an association with preterm birth. 

Cadmium and Preterm Birth: The Japan Environment and Children’s Study, a cohort of nearly 

15,000 women and their children, found an association between higher whole blood Cd 



19 
 

concentrations measured during pregnancy (14-39 wk) and early preterm birth (22 to <34 wk) 

compared to term birth (≥37 wk) 124. Those pregnancies in the highest quartile of Cd exposure 

were almost twice as likely to have an early preterm vs. term birth (OR:1.91, 95% CI: 1.12-3.27).  

In a Chinese cohort study, high Cd concentrations (3rd tertile) in both the 1st (OR:4.51; 95% CI: 

2.02, 10.06) and 2nd (OR:2.68; 95% CI: 1.68, 4.27) trimester were associated with an elevated 

risk of preterm birth compared to the 1st tertile of exposure 100.   

Mercury and Preterm Birth: In a US study 122, high hair Hg (≥90th percentile), collected 

between the 15th and 27th week of pregnancy, was associated with elevated odds of preterm 

delivery at <37 wk (OR:1.55, 95% CI: 0.7, 29) and <35 wk (OR: 3.0, 95% CI: 1.3, 6.7) 

compared to term births.  Placental Hg levels were increased in preterm vs. term deliveries in a 

cross-sectional study of 51 pregnant women from Indonesia 108.  However, no association was 

seen with maternal serum or cord blood Hg levels.  Other studies have found no association 

between maternal blood Hg collected during pregnancy 124 or at birth 136 and preterm birth.  The 

inconsistencies across these studies may be due to the different in biological matrixes used for 

the biomarker analysis of total Hg (hair, placenta, maternal serum, cord blood) which may reflect 

different exposure windows and measurement error.      

Arsenic and Preterm Birth: Fewer studies have explored the association between blood As and 

preterm birth 137.  In the China-Anhui Birth Cohort, higher preterm birth rates were observed 

among participants with As concentrations above the 75th percentile compared to those below 

this cut-point (OR=1.5, 95% CI: 1.08, 2.09).  Highly exposed populations in Bangladesh and 

Taiwan, have shown elevated rates of preterm birth based on drinking water 138–140 and toenail 

As levels 140.  In the US, preterm birth was associated with higher estimates of As in water 141,142. 
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1.7 PREGNANCY AS A SENSITIVE WINDOW  
 

Understanding the associations of metals, vitamin D, and their interactions with pregnancy 

complications such as preterm birth has important implications for offspring health, during 

infancy and beyond.  In addition, pregnancy is increasingly being recognized as a window of 

time during which we can identify women with higher future cardiovascular disease risk.  

Pregnancy is a natural ‘physiological stress test’ to the heart, causing structural and 

hemodynamic changes due to increased blood volume and cardiac output 97,143,144.  A number of 

reviews have found that women who experience a pregnancy complication, including preterm 

birth, gestational diabetes and hypertensive disorders in pregnancy, have a higher risk of 

cardiovascular morbidity and mortality 98,145,146.   Many of these studies are based on 

administrative databases, with a focus on clinical endpoints, and there is great heterogeneity in 

follow-up time within and across studies.  Fewer studies have explored the long-term impact of 

pregnancy complications on markers of inflammation and insulin resistance.  For example, 

studies suggest dysregulation of adipokines in women experiencing hypertensive disorders in 

pregnancy 147 and gestational diabetes 148 compared to uncomplicated pregnancies but few 

studies have explored the long-term effect of pregnancy complications on these markers in the 

postpartum period 149,150.     

1.8 OBJECTIVES OF DISSERTATION 

The objectives of this thesis are to understand the associations between metal exposures and 

25OHD in pregnancy, their relationship with preterm birth, and the potential long-term health 

consequences for maternal cardiometabolic health. I pursued three specific research questions, 

each of which is addressed in a manuscript within this dissertation: 
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Paper #1:  Are increasing blood metal exposures in pregnancy (Pb, Cd), associated with 

maternal plasma 25OHD concentrations concurrently and longitudinally?  Is there a bidirectional 

association between metals and 25OHD?    

Paper #2: Are metal concentrations associated with preterm birth and spontaneous preterm birth, 

and is this association modified vitamin D status? 

Paper #3:  Are pregnancy complications, such as preterm birth, associated with long-term 

markers of maternal cardiometabolic health?  This includes percent body fat, systolic and 

diastolic blood pressure, blood lipids, glucose and markers of inflammation and insulin 

resistance.  

 

1.9 THE MATERNAL-INFANT RESEARCH ON ENVIRONMENTAL CHEMICALS 

(MIREC) STUDY 

This thesis relied on secondary analyses of data collected from the Maternal-Infant Research on 

Environmental Chemicals (MIREC) study.  The MIREC Study 151 is a pregnancy cohort of 

approximately 2000 women recruited from 10 cities across Canada. The MIREC study recruited 

participants through medical clinics (ultrasound, midwife and/or doctor’s clinics) during the first 

trimester of pregnancy (6 to <14 weeks) between 2008 and 2011.  Participants who gave 

informed consent participated in scheduled visits in each trimester, at delivery and in the 

postpartum period (up to 8-10 weeks).  At each pregnancy visit women completed questionnaires 

and provided both blood and urine samples.   

The MIREC study has had a number of follow-up studies since 2011, mainly focusing on the 

health of the child 152,153.  However, most recently in Phase I of the MIREC-Endocrine and 
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Metabolic Function study (MIREC-ENDO) mothers were invited back into the study to measure 

cardiometabolic health outcomes. With consent, mothers attended a clinic visit and completed a 

questionnaire that asked about their obstetrical history, smoking status, sociodemographics and 

stressful life events.  They had their height, weight and body fat percentage and blood pressure 

measured.  Participants also provided a fasting blood sample, which was subsequently analyzed 

for concentrations of glucose, cholesterol (low density lipoprotein (LDL), high-density 

lipoprotein (HDL), total cholesterol (TC), triglycerides (TG), high-sensitivity C-reactive protein 

(hs-CRP), leptin and adiponectin.  

1.10  ETHICAL CONSIDERATIONS 

The MIREC study received research ethics board approval at the MIREC study coordinating 

center (CHU Ste-Justine in Montreal) and Health Canada, along with the other 10 study sites 

across Canada including: Children's and Women's Health (Vancouver), University of Alberta 

(Edmonton), Health Sciences Center and St-Boniface Hospital (Winnipeg), Mount Sinai Hospital 

(Toronto), McMaster University Medical Center (Hamilton), Sudbury Regional Hospital  

(Sudbury), Kingston General Hospital (Kingston), The Ottawa Hospital (Ottawa), CHU Ste-

Justine (Montreal), Jewish General Hospital (Montreal), IWK Health Centre (Halifax).   

All women provided informed consent for the study.   

1.11 RELEVANCE AND IMPLICATIONS 

This research provides further understanding of the nutrient-environment interplay between 

metals and vitamin D status, provides important insight into the relationships of these exposures 

to preterm birth risk, and identifies the potential impacts for long-term maternal health.  Nutrition 
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could be a practical means for intervention and prevention of adverse outcomes associated with 

metal exposures, given the ubiquitous nature of heavy metals 2,15. The prevalence of vitamin D 

deficiency (<30 nmol/L) is estimated at 7.4% in Canada while levels of <50nmol/L are estimated 

at 37% 154.  Many countries report vitamin D deficiency among >20% of their population 

including India, Tunisia, Pakistan and Afghanistan 155. The health and economic costs of preterm 

birth are enormous at $26.2 billion in the U.S. 156 and close to $600 million in Canada 157.   Being 

born preterm is the number one cause of neonatal death, and greatly increases the risk of 

childhood neurodevelopment disorders and asthma and cardiovascular disease later in life 

93,94,158.  Mothers who have a preterm baby are also more likely to develop cardiovascular disease 

later in life 159 and this research contributes to understanding the role of the association of 

complications with markers of cardiometabolic health. It is also evident that metal exposure is 

persistent. Lithium and cobalt production will undergo exponential growth over the coming 

decades due to the demand for lithium-ion batteries in electric vehicles 160 . Metal exposure is 

increasing through solar panel production, which includes heavy metals such as lead 161,  and 

electronic waste 162.  Moreover, climate change is projected to cause increased soil leaching and 

runoff of metals such as Cd 163.   

1.12 SUMMARY 

This thesis sheds light on the association between heavy metals and vitamin D status in 

pregnancy, their association with preterm birth, and the potential longer-term impacts for 

maternal health. I first sought to understand the relationships between metals and vitamin D 

using data from a maternal-child cohort with multiple measures of both 25OHD and heavy 

metals in pregnancy, specifically investigating the potential bidirectional nature of these 

relationships. In the same cohort, we then examined the associations between metals and preterm 
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birth and the possible modification of these associations by vitamin D status.  Finally, we 

investigated the impact of pregnancy complications on long-term cardiometabolic health among 

mothers in this cohort.  This thesis used a variety of statistical techniques to investigate 

bidirectional associaitons and time-to-event outcomes. The impact of heavy metal exposure, 

vitamin D deficiency (<50 nmol/L) and preterm birth on maternal and child health is substantial, 

underscoring the importance of this study.  

1.13 THESIS ORGANIZATION 

This thesis is organized in article format in accordance with the School of Epidemiology and 

Public Health (SEPH), University of Ottawa, Guidance for Thesis by Article.  A short summary 

is provided below: 

Chapter 1: is the introduction and provides background and rationale for the thesis and outlines 

the objectives; 

Chapter 2: is the first article of the thesis, titled “Blood Metals and Vitamin D Status in a 

Pregnancy Cohort: A Bidirectional Biomarker Analysis”.  This article was published in 

Environmental Research.  

Fisher M, Potter B, Little J, Oulhote Y, Weiler HA, Fraser W, Morisset AS, Braun J, 
Ashley-Martin J, Borghese MM, Shutt R, Kumarathasan P, Lanphear B, Walker M, 
Arbuckle TE. Blood metals and vitamin D status in a pregnancy cohort: A bidirectional 
biomarker analysis. Environ Res. 2022 Aug;211:113034. doi: 
10.1016/j.envres.2022.113034. Epub 2022 Feb 28. PMID: 35240110. 
 

Chapter 3: representst the second article of the thesis, titled “Association between toxic metals, 

vitamin D and Preterm Birth in the Maternal-Infant Research on Environmental Chemicals 
Study”. This article has been accepted for publication in Paediatric and Perinatal Epidemiology.  

Fisher, M., Marro, L., Arbuckle, T.E., Potter, B.K., Little, J., Weiler, H., Morisset, A.S., 
Lanphear, B., Oulhote, Y., Braun, J.M., Kumarathasan, P., Walker, M., Borghese, M.M., 
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Ashley-Martin, J., Shutt, R., Fraser, W.D.  Association between toxic metals, vitamin D 
and Preterm Birth in the Maternal-Infant Research on Environmental Chemicals Study.  
Paediatric and Perinatal Epidemiology (accepted January 27, 2023).  

Chapter 4: is the third article of the thesis, titled “The Association between Pregnancy 

Complications and Long-Term Maternal Cardiometabolic Health in the MIREC Cohort Study”.  

This article is in preparation for submission to a peer reviewed journal.  

Chapter 5: is the integrated discussion and provides a summary of chapters 2-4 and gives some 

insight into the main points of integration across the studies and lessons learned that could be 

applied to the field of environmental epidemiology.   We used the integrated discussion 

framework proposed by Lewis et al. 164  to help guide the writing of this chapter. 

Appendix A: provides a thorough background of vitamin D metabolism, titled “Vitamin D 

Backgrounder”.   
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Preface to Chapter 2 

This chapter explains how we examined the relationship between vitamin D and metals in 
pregnancy in the Maternal-Infant Research on Environmental Chemicals (MIREC) cohort study.  
Our dataset had repeated measures of these biomarkers so a variety of statistical techniques were 
used to explore the relationship.  We utilized a cross-lagged panel model to determine causal 
direction.   Elsevier allows us to include the final draft form of the paper in the thesis and the 
coauthors have also agreed. Author contributions are listed below.   
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ABSTRACT  

Low 25-hydroxyvitamin D (25OHD), a biomarker of vitamin D status, is associated with reduced 

immune function and adverse pregnancy outcomes, such as preterm birth.   Observational studies 

indicate that long-term, high level exposure to metals such as cadmium (Cd) and lead (Pb) can 

impact a person’s vitamin D status. However, the directionality of the association is uncertain, 

particularly for low-level exposures.  We used three distinct longitudinal data analysis methods to 

investigate cross-sectional, longitudinal and bidirectional relationships of Cd and Pb biomarkers 

with 25-hydroxyvitamin D (25OHD) in a Canadian pregnancy cohort.  Maternal whole blood Cd 

and Pb and plasma 25OHD concentrations were measured in the 1st (n=1905) and 3rd (n=1649) 

trimester and at delivery (25OHD only, n=1542).  Our multivariable linear regression analysis 

showed weak inverse associations between Cd and 25OHD concentrations cross-sectionally and 

longitudinally while the latent growth curve models showed weak associations with Pb on the 

25OHD intercept.  In the bidirectional analysis, using cross lagged panel models, we found no 

association between 1st trimester metals and 3rd trimester 25OHD.  Instead, 1st trimester 25OHD 

was associated with 9% (-15%, -3%) lower 3rd trimester Cd and 3% (-7, 0.1%) lower Pb.  These 

findings suggest the 25OHD may modify metal concentrations in pregnancy and demonstrates the 

value of controlling for contemporaneous effects and the persistence of a biomarker over time, in 

order to rule out reverse causation.    

 

KEYWORDS: lead, cadmium, pregnancy, cross lagged panel model 
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INTRODUCTION 

Vitamin D, conventionally associated with calcium homeostasis and bone mineralization, appears 

to play an important role in suppressing the maternal immune response and inflammatory reactions 

in the placenta 1–3.  During pregnancy, the immune system must balance maternal tolerance of 

foreign proteins and protection  from pathogens 4.  Imbalances in this process are suspected to 

cause pregnancy complications 5. The cut-point for vitamin D deficiency was set by the Institute 

of Medicine (IOM) at <30 nmol/L of serum 25-hydroxyvitamin D (25OHD), whereas the cut-point 

for sufficiency was set at ≥50 nmol/L in support of bone health 6.  While the IOM considered cut-

points associated with pregnancy outcomes, at the time data was not sufficient to guide dietary 

recommendations.  Since then, studies have observed associations between serum 25OHD <50 

nmol/L and adverse pregnancy conditions related to the immune system, including recurrent 

pregnancy loss, preterm birth, and preeclampsia 1,7.  Globally it is estimated that 54% of pregnant 

women have serum 25OHD concentrations below 50 nmol/L,  with the prevalence greatest (>80%) 

in South-East Asian and Western Pacific World Health Organization regions 8.  In North America, 

national surveys suggest that 41% of pregnant women and adults of reproductive age 20-29 have 

levels below 50 nmol/L 9,10.  

 

Evidence from observational studies indicate that long-term, high level exposure to metals such as 

cadmium (Cd) can cause renal damage, and impact a person’s vitamin metabolism 11–13.  Workers 

with higher lead (Pb) exposure show lower concentrations of serum 25OHD compared to controls 

14–16.  However, the ability of lower exposure levels to disrupt vitamin D metabolism remains 

unclear.  Some observational studies bring into question the directionality of these associations, 

particularly at low levels; several studies suggest that higher vitamin D concentrations or intake 
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are associated with lower blood metals in pregnant women and children 17–19.  A recent vitamin D 

trial showed maternal vitamin D3 supplementation was associated with increases in cord blood Pb 

and Cd; however this trial was conducted in Bangladesh where maternal blood metals are 

considerably higher than those observed in Canada  20.  To our knowledge no study has investigated 

the potential bidirectional relationship of low level metal exposures and 25OHD concentrations.   

 

We used data from the Maternal-Infant Research on Environmental Chemicals Study (MIREC) to 

examine the cross-sectional, prospective and bidirectional relationships between metals (Cd, Pb) 

and 25OHD during pregnancy.  Specifically our three objectives were to determine: 1) whether 

Cd and Pb are associated with 25OHD concentrations during pregnancy; 2) whether blood Cd and 

Pb are associated with the 25OHD trajectory across pregnancy; and finally 3) whether there is a 

bidirectional association between these metals and 25OHD. 

METHODS 

Study Design 

The MIREC Study 21 is a national-level pregnancy cohort of 2001 women recruited from 10 cities 

across Canada (Vancouver, Edmonton, Winnipeg, Sudbury, Toronto, Hamilton, Kingston, Ottawa, 

Montreal, Halifax).  Research Ethics Board approval was obtained at Health Canada and all study 

sites.  MIREC participants were recruited through medical clinics (ultrasound, midwife and/or 

doctor’s clinics) during the first trimester of pregnancy (6 to <14 weeks) between 2008 and 2011.  

We excluded women if they had known fetal abnormalities or medical complications such as renal, 

heart, liver, pulmonary or a collagen disease, epilepsy, threatened spontaneous abortion, illicit drug 

use, or a haematological disorder.   All participants provided informed consent and provided blood 
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samples in each trimester and at delivery.  Pb, Cd and 25OHD were measured in blood samples 

collected between 6 and 13 completed weeks gestation (median 12 weeks), between 32 and 33 

completed weeks (median 33 weeks) and at delivery. Eighteen women withdrew from the study 

leaving 1983 participants.  Among these 1905 had Pb, Cd and 25OHD measurements available in 

the 1st trimester and 1649 in the 3rd trimester.  There were a total of 1542 25OHD measures at 

delivery while Cd and Pb were not measured at this time point (See Figure 1). 

 

Figure 1:  MIREC Study Pregnancy Visits and Maternal Biomarker Sample Sizes 

 

Questionnaire Data:  We collected sociodemographic data in the 1st trimester including maternal 

age, pre-pregnancy body mass index (BMI), education, household income, and maternal ethnicity. 

We collected information during both the 1st and 3rd trimester visits about fish consumption in the 

past 3 months, smoking status, and how many days, in the last 4 weeks, were spent outside for at 

least 30 mins between 9:00-16:00. 
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Specimen collection and laboratory analysis: Maternal whole blood specimens were analysed 

at the Centre de Toxicologie du Québec (CTQ), Institut national de Santé Publique du Québec 

(INSPQ) for Pb and Cd concentrations 19.  Maternal blood plasma collected in the 1st and 3rd 

trimester and at delivery was analyzed for 25-hydroxyvitamin D3 and 25-hydroxyvitamin D2 at 

Health Canada’s Foods Directorate Laboratory 22.  Briefly, two methods were used to quantify 

maternal plasma 25OHD; 1) total 25OHD immunoassay kits and the LIAISON autoanalyzer and 

2) liquid chromatography-mass spectrometry (LC-MS/MS) that produces individual values for 

25OHD2 and 25OHD3, the sum of which gives total 25OHD.  Quality control for the LIAISON 

using Bio-Rad as an external control had CV% of <10% 22.  The immunoassay results were 

standardized to the LC-MS/MS using a calibration equation (standardized y= 5.36 + 0.96 (original 

immunoassay))23.  Therefore all the samples were standardized to the international reference 

measurement procedures 24, producing uniformity across the 25OHD results. 

Covariates: We selected confounders using a Directed Acyclic Graphs (DAGs) 25,26.  We consider 

variables as potential confounders if they could be associated with both 25OHD levels and toxic 

metal exposure but were not conceptualized as intermediate variables (along the causal pathway) 

or colliders (common consequences) (See Supplemental Information (SI) Figure S1).  We included 

the following covariates in the final models:  smoking status (Never, Former, Quit during 

Pregnancy, Current), maternal education (Some college, High School or Less than High School; 

College/Trade Diploma; Undergraduate degree; Graduate degree), household income (< = to $50 

000; between 50,001-100 000; >100 000; Don't know/refuse to answer), maternal age, pre-

pregnancy BMI, maternal ethnicity (White, Black, Aboriginal, Chinese, Latin American, Other), 

general fish consumption per week in past 3 months prior to visit (0 to 4+ servings), study site, 
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days spent outside in the past 4 weeks between 9 a.m. and 4 p.m. (quartiles: 0-4; 5-10 ; 11-20; > 

20 days), season at date of visit.  

Statistical Analysis: We conducted univariate analysis on Cd, Pb and 25OHD.  Next, we 

examined bivariate associations for 25OHD and metals with maternal characteristics.   We log2 

transformed Cd and Pb because they were right skewed.  The 25OHD concentrations were 

approximately normally distributed and were not transformed initially.  We used chi-square 

statistics to determine differences across categories; we used t-tests and ANOVA to compare the 

means between groups.  We calculated pairwise correlations (Pearson) for concentrations of 

25OHD and log2-transformed Cd and Pb across visits and estimated intraclass correlation 

coefficients (ICC) across time points for all the biomarkers. We estimated the increase in 25OHD 

by gestational week of visit using a mixed effects models with a random subject effect and 

unstructured covariance matrix to determine the potential trajectory of 25OHD across pregnancy.  

We also adjusted for other fixed effects measured in the 1st trimester including study site, maternal 

education, parity, income, maternal age, pre-pregnancy BMI, maternal ethnicity, smoking status, 

season, time spent outside, general fish consumption in the past 3 months. We substituted values 

below the limit of detection (LOD) with LOD/2 because the proportion below the LOD was low 

(<5%). 

 

For our first objective, we used multivariable linear regression to determine if Cd and Pb are cross-

sectionally and longitudinally associated with 25OHD concentrations in pregnancy.  In this 

analysis we used separate models for each metal and for each visit.  Given that smoking is a major 

source of Cd 27 and smokers show lower 25OHD 28, we examined effect modification by smoking 

status by introducing a cross-product term in the models. In addition, to descriptively investigate 
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heterogeneity of the association between Cd or Pb and 25OHD according to smoking status, we 

also stratified by smoking (Never and Former vs. Current and Quit during pregnancy).  

Assumptions of homoskedasticity and normality were assessed using residual plots. 

 

For our second objective, we used latent growth curve models (LGCM) to determine whether 1st 

trimester Cd and Pb (log2 transformed) are associated with the 25OHD trajectory across pregnancy.  

We modeled the linear change in 25OHD concentrations over time using a structural equation 

modelling (SEM) framework.  LGCM estimate a latent intercept and latent slope based on the 

individual trajectories. The slope provides the average trajectory and the individual variation 

around that trajectory over time 29.  The use of LGCM allows us to adjust for time-varying 

covariates 30.  Therefore we considered both observed fixed (sociodemographics, parity, pre-

pregnancy BMI, study site) and time-varying (season, smoking status, time spent outside, fish 

consumption) covariates in these models.  We examined model fit for LGCM by evaluating 

goodness of fit tests including the goodness of fit index (GFI) where 1 indicates perfect fit; the 

root mean square error of approximation (RMSEA) where values less than 0.05 indicate the 

model’s good fit; the comparative fit index (CFI) in which values greater than 0.9 are expected; 

and the chi-square test where a statistically non-significant result indicates that the sample’s 

covariance matrix and covariance matrix estimated by the model are comparable and not 

statistically different 31.   

 

Finally, to investigate whether there is a bidirectional association between these metals (Cd, Pb) 

and 25OHD we used cross lagged panel models (CLPM) which use SEM to allow for simultaneous 
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regressions and uniquely, make it possible to specify reciprocal associations by allowing for a 

variable to be a response variable in one equation and a predictor variable in another 32,33.  The 

cross lagged panel model controls for both contemporaneous effects (or the correlations between 

variables within the same time point) and the stability or persistence of a variable over time 

(autoregressive effects) 34.   This helps to rule out the possibility that  the effect of X1 on Y2 is 

driven by the correlation between X1 and Y1 35. See equation below : 

 X2 = β1X1 + β2Y1 + βnΧn + µx 

 Y2 = β3Y1 + β4X1 + βnΧn + µy
 

Where X1, X2 , Y1, Y2 represent a metal (X) and 25OHD (Y) concentration at the two time points 

in pregnancy (1st and 3rd trimester), β1 and β3 represent autoregressive effects or the degree to 

which a variable is unchanging or stable over time, β2 and β4 represent the cross lagged effects and 

βnΧn represents a matrix of confounders.  The residual covariance (r) at the same cross-sectional 

time point represents the leftover error (µx and µy) 36.  Thus, rx2y2 represents the unexplained 

covariance after controlling for both the autoregressive (β1, β3) and cross-lagged (β2, β4) effects.  

Because there were only 2 waves of data (1st and 3rd trimester) the CLPM is just identified 37.  Thus, 

the model allows for estimation of parameters and standard errors but no interpretation of model 

fit can be made because it inherently gives perfect model fit 38.   

 

All variables in our cross-lagged models were observed (i.e. no latent variables) and we included 

other confounding variables, as described above.  The CLPM uses maximum likelihood estimation 

and assumes a multivariate normal distribution.  Given metals and 25OHD are both a predictor 

and outcome in the cross-lagged model, we also log2 transformed 25OHD, to be consistent with 



 

Chapter 2   49 
 

the metals, so the β estimates represent the change in log2(Y) per doubling in the predictor variable.  

Percent change in the outcome was calcuated using the formula: % change = (2β-1)*100 (See SI 

Table S1).  We also present standardized coefficients to compare causal predominance 34.     

 

For both the CLPM and LGCM, we present models with and without the use of the Full 

Information Maximum Likelihood (FIML) method where all cases, irrespective of missing 

covariate data, are retained in the analysis 31. FIML assumes that the data are missing at random 

and the missing data have a multivariate normal distribution.  All analyses were conducted using 

R Version 4.0.2 lavaan package39 and SAS Enterprise Guide 7.140.   

RESULTS 

A total of 1905 participants at the 1st trimester visit and 1649 at the 3rd trimester visit, respectively, 

had measures of Cd, Pb and 25OHD; at delivery 1542 participants had plasma 25OHD 

concentrations assessed.  Nearly three quarters (73%) of the participants had all 3 measures of 

plasma 25OHD (1st and 3rd trimester and delivery).  These participants (n=1387) were comparable 

to the full sample at visit 1 (n=1905) with respect to sociodemographic (See SI Table S2).  Most 

participating pregnant women were married, close to 40% had a household income above $100,000 

CAD and were highly educated, with over 80% had a college or university degree (See Table 1).  

Over eighty percent of the women self-identified as white and the mean maternal age was 32 years 

(range 17-48).  Nearly half (44%) of the women were nulliparous and the majority of women had 

pre-pregnancy BMI in the normal range (60%).  Only 6% reported being current smokers while 

an additional 6% reported quitting smoking during pregnancy. 
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Table 1: Participant Characteristics   

Factor  
1st trimester 

 

Maternal blood  
lead (µg/dL) 

Maternal blood  
cadmium (µg/L) 

Maternal serum   
25-hydroxyvitamin D 

(nmol/L) 

1st 
trimester 

3rd 
trimester 

1st 
trimester 

3rd 
trimester 

1st 
trimester 

3rd 
trimester 

Mother's education level Frequency % GM GM GM GM mean mean 

 Some college, High School or < High 
 School 

278 14.19 0.62 0.56 0.33 0.25 64.07 72.96 

 College/Trade Diploma 463 23.63 0.57 0.52 0.23 0.19 69.27 77.21 

 Undergrad degree 713 36.40 0.61 0.57 0.20 0.19 71.08 80.17 

 Graduate degree 505 25.78 0.69 0.64 0.18 0.19 71.68 80.39 

Household income         

 ≤ to $50 000 444 22.64 0.64 0.61 0.27 0.22 64.36 74.29 

 between 50,001-100 000 675 34.42 0.60 0.55 0.21 0.19 70.21 79.24 

 >100 000 750 38.25 0.63 0.57 0.19 0.19 73.31 81.39 

 Don't know/refuse to answer 92 4.69 0.63 0.59 0.29 0.26 64.42 69.07 

Marital Status         

 Married 1406 71.7 0.60 0.54 0.20 0.19 70.69 79.21 

 Same partner for 1+ years 461 23.51 0.68 0.64 0.27 0.22 68.53 78.03 

 Divorced, separated, single or other  94 4.79 0.66 0.69 0.33 0.27 62.62 70.84 

Maternal age group         

 <20 13 0.66 0.57 0.51 0.30 0.26 57.04 70.39 

 20-24 125 6.37 0.58 0.49 0.29 0.20 62.20 74.33 

 25-29 455 23.2 0.60 0.51 0.21 0.19 68.46 76.57 

 30-34 702 35.8 0.69 0.56 0.21 0.19 70.92 80.07 

 35+ 666 33.96 0.61 0.66 0.22 0.21 71.19 79.28 

Parity         

 0 865 44.11 0.64 0.60 0.22 0.21 69.70 80.83 
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 1 792 40.39 0.61 0.54 0.21 0.18 70.30 77.41 

 2 228 11.63 0.60 0.58 0.22 0.21 68.33 74.84 

 3+ 76 3.88 0.63 0.57 0.23 0.20 69.80 75.17 

Pre-pregnancy BMI         

 Underweight (BMI < 18.5) 52 2.87 0.64 0.60 0.25 0.27 71.79 82.73 

 Normal (18.5 ≤ BMI < 25) 1096 60.39 0.61 0.54 0.22 0.20 72.28 80.75 

 Overweight (25 ≤ BMI < 30) 397 21.87 0.60 0.58 0.21 0.19 68.82 76.63 

 Obese (BMI ≥30) 270 14.88 0.63 0.57 0.21 0.18 62.21 73.09 

Smoking status at time of visit         

 Current 115 5.87 0.68 0.61 1.27 0.85 61.59 71.25 

 Former 534 27.26 0.66 0.59 0.21 0.20 71.04 78.47 

 Never 1190 60.75 0.59 0.56 0.17 0.17 70.11 78.97 

 Quit during Pregnancy 120 6.13 0.66 0.55 0.47 0.21 69.05 80.86 

Maternal ethnicity         

 White 1643 83.78 0.61 0.56 0.21 0.19 71.86 80.74 

 Black 59 3.01 0.71 0.80 0.27 0.22 53.68 61.61 

 Aboriginal 44 2.24 0.55 0.53 0.36 0.35 53.89 66.95 

 Chinese 45 2.29 0.81 0.74 0.34 0.32 63.15 64.14 

 Latin American 47 2.40 0.66 0.60 0.19 0.15 62.08 70.24 

 Other 123 6.27 0.73 0.68 0.28 0.26 60.39 69.76 

Season at time of blood sampling         

 fall 572 29.41 0.62 0.61 0.22 0.19 68.96 74.73 

 spring 447 22.98 0.62 0.55 0.19 0.19 69.55 80.32 

 summer 461 23.7 0.63 0.61 0.23 0.21 74.19 77.02 

 winter 465 23.91 0.62 0.53 0.23 0.21 66.71 82.97 

Fish Consumption over the past 3 
months  

        

 None 279 14.27 0.58 0.50 0.25 0.19 64.49 80.39 

 >0 to ≤1/wk 840 42.97 0.61 0.55 0.21 0.20 70.23 76.68 



 

Chapter 2   52 
 

 1 to  ≤2/wk 433 22.15 0.62 0.60 0.21 0.19 71.34 79.43 

 2 to ≤3/wk 212 10.84 0.68 0.62 0.22 0.19 71.37 81.32 

 >3 to ≤4/wk 107 5.47 0.67 0.69 0.21 0.23 72.87 80.22 

   >4/wk 84 4.30 0.70 0.65 0.25 0.24 67.03 77.61 
GM=geometric mean   



 

Chapter 2   53 
 

 

The majority of participants had 25OHD concentrations above 50 nmol/L throughout pregnancy: 

in 1st trimester (85%), 3rd trimester (87%) and at delivery (84%).  Less than 4% of participants 

were considered deficient at <30 nmol/L 6,41 at each visit (1st trimester: 2.5%, 3rd trimester: 2.5%, 

Delivery: 3.6%).  On average, 25OHD concentrations increased across pregnancy.  Based on the 

adjusted mixed models with a random subject effect we observed a 0.27 nmol/L (95% CI: 0.23, 

0.30) increase in 25OHD concentration with each gestational week of pregnancy (See SI Figures 

S2).  25OHD concentration was moderately correlated (r >0.50) across visits with an ICC of 0.57 

(See SI Table S3-S4).   

Blood Pb and Cd were nearly 100% detected in the 1st and 3rd trimester visits (See Table 2).  We 

found similar geometric mean concentrations in the 1st and 3rd trimester for blood Pb (0.62 vs 0.57 

µg/dl) and Cd (0.22 vs 0.20 µg/L).  First and 3rd trimester concentrations were highly correlated 

within participants for each of log2 Cd (r=0.60) and Pb (r=0.73) with strong ICCs (Cd ICC=0.77 

and Pb ICC=0.73) (See SI Tables S4-S5). 
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Table 2:  Summary statistics for concentrations of lead (Pb), cadmium (Cd) and 25-hydroxyvitamin D 
(25OHD), by time point in pregnancy 

Label Units N LOD* % 
below 

LOD 

Min 25th 
Pctl 

50th 
Pctl 

Mean 75th 
Pctl 

95th 
Pctl 

Max GM 

 Metals                         

1st trimester                         

Pb  µmol/L 1932 <0.005 0% 0.01 0.02 0.03 0.03 0.04 0.07 0.25 0.03 

  µg/dL 1932 <0.10 0% 0.16 0.44 0.60 0.70 0.85 1.41 5.18 0.62 

Cd  nmol/L 1932 <0.4 2.6% 0.20 1.20 1.80 2.95 2.80 10.00 50.00 1.93 

 µg/L  <0.04 2.6% 0.02 0.13 0.20 0.33 0.31 1.12 5.61 0.22 

3rd 
trimester 

                        

Pb  µmol/L 1673 <0.005 0.2% 0.00 0.02 0.03 0.03 0.04 0.07 0.20 0.03 

  µg/dL 1673 <0.10 0% 0.05 0.41 0.56 0.66 0.79 1.39 4.14 0.57 

Cd nmol/L 1673 <0.4 3.9% 0.20 1.20 1.80 2.46 2.60 6.60 38.00 1.76 

 µg/L  <0.04 3.9% 0.02 0.13 0.20 0.28 0.29 0.74 4.27 0.20 

25OHD                        

1st trimester  nmol/L 1905 <10 0.3% 5.00 56.24 68.91 69.78 81.5
0 

106.16 194.8
0 

66.23 

3rd trimester  nmol/L 1649 <3, <10 0.1% 1.50 60.50 77.36 78.56 95.0
2 

121.52 293.4
0 

73.62 

Delivery  nmol/L 1542 <3, <10 0.1% 1.50 57.90 74.70 75.71 91.2
0 

121.00 245.2
0 

70.54 

LOD=limit of detection; GM=geometric mean; Pctl=percentile 

 

Are Cd and Pb associated with 25OHD during pregnancy? 

We found that 1st and 3rd trimester Cd concentrations were inversely associated with 25OHD 

concentrations cross-sectionally and longitudinally, in the unadjusted linear regression models or 

prior to smoking adjustment (see Figure 2, SI Table S6).  The strongest association was between 

3rd trimester Cd and 25OHD at delivery.  For each doubling in 3rd trimester Cd concentrations, 

there was 1.75 nmol/L decrease in 25OHD concentrations at delivery (βcrude=-1.75; 95% CI: -2.95, 

-0.56).  The strength of the associations was substantially reduced after controlling for covariates, 

especially smoking status (βadjusted for 3rd trimester Cd and 25OHD at delivery = -1.17; 95% CI: -
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2.54, 0.20).  While we did not identify evidence supporting a statistical interaction between 

smoking status and Cd concentrations in the interaction models (p>0.20, see SI Figure S3), the 

stratified analysis showed an inverse but imprecise association between Cd and 25OHD 

concentrations in smokers (n=235) while non-smokers showed mainly null results (See SI Figure 

S4).  For Pb, there was a weak inverse association with 25OHD both cross-sectionally and 

longitudinally, but the confidence intervals crossed the null value for both the crude and adjusted 

models.  
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Figure 2: Linear Regression Models looking at visit specific associations between 1st and 3rd 

trimester metals (exposure) on 25OHD concentrations (outcome) in the 1st and 3rd trimester 

and at delivery 

 

MODEL 1: adjusted for maternal education, income, maternal age, pre-pregnancy BMI, maternal 

race, general fish consumption per week (in past 3 months of exposure measure), study site, 

time spent outdoors, blood collection season at time of exposure measure 

MODEL 2: model 1 plus smoking status at time of exposure measure 
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Are Cd and Pb associated with the 25OHD Trajectory?  

We used LGCMs to analyze the effect of 1st trimester Cd and Pb on the 25OHD intercept and slope 

across pregnancy (see Figure 3 and SI Table S7).  In the adjusted models, we saw no evidence of 

an association between 1st trimester Cd and Pb concentrations on the 25OHD slope (or change in 

25OHD across pregnancy).  For Cd, there was some evidence of an inverse association with the 

25OHD intercept (baseline average 25OHD concentrations) in the crude models; each doubling in 

Cd exposure was associated with a 1.51 nmol/L decrease in 25OHD concentrations (β= -1.51, 95% 

CI: -2.41, -0.61). However, this estimate was attenuated in the adjusted models (βFIML= -0.42, 95% 

CI: -1.43, 0.59). For 1st trimester Pb concentrations, we see a small but consistent inverse 

association with the 25OHD intercept across all models, but the estimates are imprecise (βFIML= -

0.99, 95% CI: -2.52, 0.54). The adjusted models showed good model fit for both Cd and Pb based 

on the CFI, RMSEA, and TLI but not the chi-squared statistic. 
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Figure 3: Latent Growth Curve and Mixed Models to examine the effect of 1st trimester lead (Pb) 

and cadmium (Cd) on the 25-hydroxyvitamin D (25OHD) trajectory in pregnancy 

 

Note: Estimates (β and 95% CI) for the effect of first trimester Pb and Cd on the 25OHD latent intercept 

and slope.  Other fixed effects include maternal education, parity, income, maternal age, pre-pregnancy 

BMI, maternal ethnicity and study site. Time varying covariates measured in 1st and 3rd trimester:  

smoking status, season, time spent outside, general fish consumption in the past 3 months.  

Model Fit Statistics: All models had good model fit based on the CFI (>0.90), RMSEA (<0.05), TLI(>0.90).  

See Supplemental Table S7.  
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Is there a Bidirectional Association? 

In the cross lag panel models (See Figure 4) all of the biomarkers (Cd, Pb and 25OHD) show large 

autoregressive effects (i.e. 0.51-0.72) suggesting little variation of these biomarkers over time, and 

therefore a need to consider influence from the previous time point in interpreting longitudinal 

associations 34.  In both models, we saw a weak association between 1st trimester metals and 3rd 

trimester 25OHD.  The strongest cross-lag association appears to be the association between 1st 

trimester 25OHD and 3rd trimester metal concentrations in both the unstandardized (See Figure 4) 

and standardized beta estimates (SI Table S8).  Each doubling in 1st trimester 25OHD was 

associated with a -0.14 (-0.23, -0.05) reduction in 3rd trimester log2 Cd, or a -9% change in Cd.  

The unexplained covariance after controlling for both the autoregressive and cross-lagged 

association (i.e. the residual association) between 3rd trimester Cd and 3rd trimester 25OHD was 

close to zero (rCd,25OHD -0.01, 95% CI: -0.03, 0.01).  We saw similar but weaker association in the 

Pb model.  Each doubling in 1st trimester 25OHD was associated with a -0.05 reduction in 3rd 

trimester log2 Pb, which is a -3.3% change.  Again, the residual covariance, reflecting the 

remaining unexplained association between 3rd trimester 25OHD and 3rd trimester Pb was not 

different from zero (rPb,25OHD=0.00, 95% CI: -0.01, 0.01) after controlling for the autoregressive 

and cross lagged association. 
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Figure 4: Cross Lagged Panel Model for Bi-directional Analysis of Lead (Pb) and Cadmium (Cd) 

and 25-hydroxyvitamin D (250HD) 

 

 

 

Cross Lagged Effects (crossed arrows); Autoregressive Effects (effect of variable on itself); 
Covariance (double headed arrow); 25OHD, Cd and Pb log2 transformed: Log2 change in 
outcome per doubling in exposure 
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DISCUSSION 

In this study we investigated the relationship of low-level maternal blood concentrations of Cd and 

Pb on 25OHD concentrations in pregnancy and examined whether there is a bidirectional 

relationship between these metals and 25OHD.  We saw some evidence of an inverse association 

between metals, especially for Cd, and 25OHD at different time points but these associations were 

attenuated in the fully adjusted models.  In addition, the latent growth curve models suggested that 

1st trimester Cd and Pb were not associated with the 25OHD trajectory (slope) in pregnancy.  When 

we examined bidirectional associations, we found no association between 1st trimester metals and 

3rd trimester 25OHD. Instead, each doubling in 1st trimester 25OHD was associated with 9% lower 

3rd trimester Cd and 3% lower Pb on average.  These findings suggest that vitamin D status in early 

pregnancy may moderate Cd and Pb concentrations in later pregnancy. 

 

The blood Cd and Pb concentrations measured in our study are lower than those measured in 

females aged 20-39 in the Cycle 1 Canadian Health Measures Survey (CHMS) (2007-2009), which 

was conducted around the same time period as MIREC (2008 and 2011) (geometric mean  for 

MIREC 1st trimester samples vs CHMS: Pb 0.6 vs 0.9  μg/dL;  Cd 0.2 vs 0.4 μg/L ) 42.  The 25OHD 

concentrations in MIREC suggest that the majority of women (~85%) have concentrations >50 

nmol/L at each visit.  Both the Institute of Medicine (IOM) and Health Canada agree that 25OHD 

serum concentrations ≥50 nmol/L is sufficient for most people while serum concentrations >125 

nmol/L may be of concern 41.  25OHD concentrations were first measured in cycle 2 (2009-2011) 

of the CHMS with females having average blood concentrations (67 nmol/L) similar to that of 

MIREC mothers in the 1st trimester (69 nmol/L) 43. 



 

Chapter 2   62 
 

 

In our initial trimester-specific analyses we looked at the effect of metals on 25OHD 

concentrations in pregnancy and saw a weak inverse association, especially between 3rd trimester 

Cd and 25OHD concentrations in the 3rd trimester and at delivery (See Figure 2), particularly in 

smokers (See SI Figure S4).  Studies of male smelter workers 44, lead exposed battery manufacture 

workers 14,15, and lead-exposed jewellery workers 16 have reported inverse associations between 

workers exposed to Cd and/or  Pb and biomarkers of vitamin D.  Cross-sectional and case studies 

of men and women highly exposed to Cd 12,13,45–47 also show inverse associations with serum 

25OHD and vitamin D’s hormonally active form, calcitriol.  Cross-sectionally, lower 25OHD 

concentrations were seen among children with higher (≥60 ug/dl) compared to lower blood Pb 

(≤29 ug/dl) concentrations prior to chelation therapy 18. In contrast, no association was observed 

in a cross-sectional study between blood concentrations of Pb and 25OHD in Mexican children 

(12-15 yrs) 48. 

 

Previous studies have found that the vitamin D status trajectory during pregnancy (defined as the 

measured change in 25OHD from the 1st trimester to delivery) is inversely associated with small 

for gestational age (SGA), preterm birth, low birth weight and preeclampsia 49,50.  We are not aware 

of any other studies that have examined the association of metals with the 25OHD trajectory in 

pregnancy.  We did not identify a strong association of Pb and Cd with the 25OHD trajectory 

during pregnancy.  The latent growth curve models suggest a small inverse association between 

1st trimester Pb on the 25OHD intercept, reflecting the average 1st trimester 25OHD, but not on 

the 25OHD slope in pregnancy (See Figure 3 and SI Table S7).   
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Our study examined the bidirectional relationship between toxic metals and 25OHD 

concentrations.  The main objective of cross lagged panel models is to examine causal influences 

between variables 34.  The cross lagged panel model controls for both contemporaneous effects 

and the stability of a variable over time, thus obviating the potential for reverse causation.  

Controlling for the stability of a variable over time gives us more confidence that the change in 3rd 

trimester Cd predicted by 1st trimester 25OHD is the left over change, after controlling for previous 

levels of Cd (1st trimester Cd).  This rules out the possibility that the cross lagged association was 

simply due to the correlation of Cd and 25OHD in the 1st trimester 35.  Our results show that the 

inverse association between 1st trimester 25OHD concentrations and 3rd trimester metals is the 

strongest cross lagged effect (See Figure 4 and SI Table S8).  Only a few studies have examined 

the modifying effect of 25OHD on metal concentrations in pregnancy.  A recent study from the 

LIFECODES pregnancy cohort (n=381), reported that higher concentrations of 25OHD (>50 

nmol/L) were associated with lower levels of urinary Pb, but not Cd, in the 2nd trimester 51.  Women 

with low 1st trimester 25OHD concentrations (<50 nmol/L) had 47% higher urinary lead 

concentrations in the 2nd trimester.  A previous analysis of the MIREC study 19 found a significant 

inverse association between estimated vitamin D intake, derived from a 2nd trimester food 

frequency questionnaire and supplement form, and maternal Cd, Pb, as well as cord blood Pb.  

Nonetheless, an NHANES study found no association between the use of vitamin D supplements 

in the past month and blood Pb concentrations in pre-menopausal women 52.  Cross-sectional 

studies among children in the U.K. 53 and south east China 17 show inverse correlations between 

serum 25OHD and blood Pb levels.  Chang et al. (2014) found that a greater proportion of children 
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with 25OHD concentrations ≥39 ng/ml had lower blood lead concentrations (61.4%) than children 

with insufficient (24.4%) or deficient (14.1%) 25OHD concentrations.   

 

The mechanism by which higher early pregnancy 25OHD concentrations might be related to lower 

concentrations of Cd and Pb later in pregnancy is unknown.  In our study, higher 25OHD 

concentrations may be an indicator of sufficient mineral status. It is suggested that sufficient 

vitamin D status along with essential mineral sufficiency is required to prevent increased uptake 

of toxic metals 54.  Adequate dietary intake of calcium and phosphate are essential for bone mass 

and bone quality because they constitute the mineral component of bone.  Intestinal absorption of 

both is partly regulated by the hormonally active form of vitamin D (calcitriol). The Ca2+-binding 

protein in intestinal cells, responsible for Ca2+  absorption from the small intestine, also binds Pb2+ 

and Cd2+ and may be the reason for the absorption of these divalent cations 55.  Prior to the 

discovery of vitamin D in the early 1930s, summer outbreaks of pediatric Pb poisoning were 

reported by physicians in the United Kingdom.  Later it was thought that increased summer solar 

exposure and vitamin D production in the skin resulted in an increase in Ca2+-binding protein, in 

turn causing the increased absorption of lead 56.  A recent randomized controlled trial of vitamin 

D supplementation in Bangladesh 20 investigated whether vitamin D supplementation increased 

the absorption of Cd and Pb.  In the trial, pregnant women in their 2nd trimester randomized to 

receive weekly doses of 4200, 16 800 or 28 000 IU of vitamin D3 throughout pregnancy did not 

show any association of vitamin D3 dose with metal levels during pregnancy, but there was a 

significant increase in cord blood Pb and Cd among higher dose groups compared to placebo.  It 

is also possible that vitamin D can increase metallothionein levels 57 which could promote 
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clearance of Cd 58.  Finally, a recent study showed that vitamin D supplementation increased gut 

microbial diversity 59 which could potentially modify the metal uptake pattern in the gut 60. 

Strengths and Limitations  

A strength of this study is the prospective nature of the MIREC cohort and repeated measurements 

of both metals and 25OHD, thus allowing us to examine the association of first trimester metals 

on 25OHD concentrations later in pregnancy but also to investigate the reverse association.  Our 

study employed a variety of statistical techniques to study repeated measures of exposures and 

outcomes.  Given we only had 2 time points for the cross lag panel analysis we were not able to 

control for all unobserved time invariant confounders with a fixed effect.  Therefore, there is a 

potential for unmeasured confounding in our cross lagged models. The cross lagged model also 

assumes synchronicity, which assumes that the measurements at each time point occurred at the 

exact same time 34.  In MIREC participants were given time-windows to schedule visits (See Figure 

1) so participants were not seen on the exact same gestational day in pregnancy.  We also lacked 

sufficient measures of other nutrients such as iron and calcium which could be confounding this 

relationship.  We also did not control for air pollution which has shown some association with 

metals and vitamin D status 61. We cannot rule out false positive findings given the number of 

models applied in this study.  Finally, the MIREC study is comprised of mainly high income, 

highly educated, white women so is not representative of the Canadian population giving birth 

during this time frame 21.  

CONCLUSIONS 

In this analysis of the MIREC study we investigated the prospective and reciprocal relationship 

between blood concentrations of Cd or Pb and 25OHD.  Although our initial linear regression 
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analysis showed some evidence that increasing metals may be associated with lower 25OHD 

concentrations, the bidirectional analysis, which controlled for both contemporaneous effects and 

the persistence of a biomarker over time, suggest that vitamin D status may modify toxic metals 

in pregnancy.  First trimester 25OHD concentrations were associated with lower 3rd trimester 

blood metals, whereas no association was seen between 1st trimester metals and 3rd trimester 

25OHD.  This research demonstrates the value of controlling for the persistence of a biomarker 

over time and contemporaneous effects.  Replication of the cross lagged method in both vitamin 

D sufficient and deficient populations is warranted.   In addition, given the potential health 

consequences of low level Cd and Pb exposure in pregnancy to both the mother and developing 

fetus 62,63, further research into the possible modifying effects of early pregnancy vitamin D status 

on Cd and Pb concentrations is warranted.   
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Table S1:  Formula for predicted percent change in the outcome per doubling of the 

exposure concentration (based on linear regression model where both the outcome and the 

predictor are log2-transformed) 

 

For a linear regression model log2Y = β* log2X + e, where Y is an outcome variable, X is a single predictor 

variable, and e is a random error term, predicted exposure concentrations y1 and y2 corresponding to  exposure 

concentrations X= x1 and X= x2 satisfy the following relations:  

   log2y1 = β* log2x1   (1)           

   log2y2 = β*log2x2    (2)   

 

If we subtract (1) from (2) and consider doubling of X (i.e. x2=2x1), we get: 

   log2(y2/y1) = β 

and, respectively: 

   y2/y1=2β    (3)  

 

The predicted % change in the outcome is as follows: 

  %change in Y=((Y2-Y1)/Y1)*100=(Y2/Y1-1)*100   (4) 

Substituting (3) in (4), we get: 

  %change in Y =(2β-1)*100   ++ 

++For a multivariable model, the formula represents a predicted percent change in the outcome per unit 

change in log2 of the predictor of interest (or doubling of the predictor of interest), keeping all other 

covariates constant. 

Note: thank you to Orly Brion for this formula 
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Table S2: Comparison of those who had all three visit 25OHD blood measures verses the whole 

sample 

 

Full sample at visit 1 
(n=1905)  

Participants with 
all three 25OHD 

measures 
(n=1387) 

Factor Freq % Freq % 

Mother's education level         

Some college, High  School  or Less than High  
School 

278 14.19 189 13.65 

College/Trade Diploma 463 23.63 323 23.32 

Undergrad degree 713 36.40 516 37.26 

Graduate degree 505 25.78 357 25.78 

Household income         

< = to $50 000 444 22.64 312 22.49 

between 50,001-100 000 675 34.42 487 35.11 

>100 000 750 38.25 529 38.14 

Don't know/refuse to  answer 92 4.69 59 4.25 

Marital Status         

Married 1406 71.70 995 71.74 

Same partner for 1+  years 461 23.51 327 23.58 

Divorced, separated, single or other (no 
widowers) 

94 4.79 65 4.69 

maternal age group, yrs         

<20 13 0.66 10 0.72 

20-24 125 6.37 76 5.48 

25-29 455 23.2 342 24.66 

30-34 702 35.8 492 35.47 

35+ 666 33.96 467 33.67 

Parity         

0 865 44.11 626 45.13 

1 792 40.39 548 39.51 

2 228 11.63 159 11.46 

3+ 76 3.88 54 3.89 

Pre-pregnancy BMI         

Underweight (BMI <  18.5) 52 2.87 36 2.79 

Normal (18.5 <= BMI <  25) 1096 60.39 783 60.74 

Overweight (25 <= BMI <  30) 397 21.87 275 21.33 

Obese (BMI >=30) 270 14.88 195 15.13 

Smoking status (1st trimester)         

Current 115 5.87 76 5.48 
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Former 534 27.26 362 26.1 

Never 1190 60.75 862 62.15 

Quit during Pregnancy 120 6.13 87 6.27 

Maternal ethnicity         

0 = "White" 1643 83.78 1181 85.15 

1 = "Black" 59 3.01 42 3.03 

2 = "Aboriginal" 44 2.24 22 1.59 

3 = "Chinese" 45 2.29 21 1.51 

4 = "Latin American" 47 2.40 38 2.74 

5 = "Other" 123 6.27 83 5.98 

Season (1st trimester)         

fall 572 29.41 411 29.63 

winter 465 23.91 331 23.86 

spring 447 22.98 322 23.22 

summer 461 23.7 323 23.29 
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Table S3: Pearson Correlations for plasma 25OHD, nmol/L 

 

First trimester 
(Visit 1) 

Third Trimester 
(Visit 3) 

Delivery  
(Visit 4) 

First trimester (Visit 1) 1 0.55 0.51 

Third Trimester (Visit 3)  1 0.71 

Delivery (Visit 4)   1 

 

Table S4: Intraclass Correlation Coefficients (ICCs) 

Intraclass Correlation Co-efficients (ICCs)   

Variable time points 
No. Subjects with 
non-missing data ICC 

Cadmium 1st, 3rd 1648 0.77 

Lead 1st, 3rd 1648 0.73 

25OHD 
1st, 3rd, 
delivery 1387 0.57 
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Table S5: Pearson Correlation for log2 Metals and log2 25OHD 

Pearson Correlation Coefficients 

Prob > |r| under H0: Rho=0 

  Pb_1st Pb_3rd Cd_1st Cd_3rd 25OHD_1st 25OHD_3rd 

Pb_1st 1 
0.73 
(<.0001) 

0.22 
(<.0001) 

0.15 
(<.0001) 

-0.06 
(0.0071) 

-0.03 
(0.3077) 

Pb_3rd   1 
0.13 
(<.0001) 

0.26 
(<.0001) 

-0.09 
(0.0004) 

-0.02 
(0.3502) 

CD_1st     1 
0.60 
(<.0001) 

-0.08 
(0.0005) 

-0.057 
(0.0224) 

CD_3rd       1 
-0.12 
(<.0001) 

-0.07 
(0.006) 

25OHD_1st         1 
0.50 
(<.0001) 
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Table S6:  Linear Regression Models looking at trimester specific associations between metals (exposure) on 25OHD (outcome) 

concentrations 

 

MODEL 1: adjusted for maternal education, income, maternal age, pre-pregnancy BMI, maternal race, general fish consumption per 
week (in past 3 months of exposure measure), study site, time spent outdoors, blood collection season at time of exposure measure 
MODEL 2: model 1 plus smoking status at time of exposure measure 
 

EXPOSURE 
  

OUTCOME (25OHD nmol/L)   

Linear Regression by Visit            

1st trimester  3rd trimester  delivery  

β estimate UCI LCI β  estimate UCI LCI β  estimate UCI LCI 

CADMIUM (log2)                   

1st trimester (crude) -1.108 -1.875 -0.341 -1.241 -2.333 -0.148 -1.222 -2.326 -0.119 

1st trimester (Model 1) -0.346 -1.148 0.457 -0.387 -1.541 0.767 -0.484 -1.634 0.667 

1st trimester (Model 2) 0.365 -0.616 1.345 -0.048 -1.419 1.323 0.187 -1.212 1.586 

3rd trimester (crude)       -1.592 -2.717 -0.466 -1.754 -2.945 -0.564 

3rd trimester (Model 1)       -1.367 -2.528 -0.206 -1.589 -2.803 -0.375 

3rd trimester (Model 2)       -0.989 -2.291 0.313 -1.172 -2.542 0.198 

LEAD (log2)           

1st trimester (crude) -1.207 -2.571 0.157 -0.720 -2.586 1.145 -0.343 -2.294 1.609 

1st trimester (Model 1) -0.794 -2.244 0.656 0.351 -1.672 2.374 0.087 -1.989 2.163 

1st trimester (Model 2) -0.640 -2.104 0.823 0.474 -1.565 2.513 0.384 -1.712 2.479 

3rd trimester (crude)       -1.038 -2.749 0.672 -1.413 -3.228 0.402 

3rd trimester (Model 1)       -0.230 -2.141 1.681 -1.031 -3.036 0.975 

3rd trimester (Model 2)       -0.014 -1.930 1.902 -0.804 -2.816 1.207 
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Table S7: Latent Growth Curve Models Parameter Estimates and Fit Statistics.  

Adjusted Model: Other fixed effects include maternal education, parity, income, maternal age, pre-pregnancy BMI, maternal race, and 
study site. Time varying covariates measured in 1st and 3rd trimester:  smoking status, season, time spent outside, general fish 
consumption in the past 3 months.  
  

Latent Growth Curve Models Parameter Estimate Model Fit Statistics 

(criteria for goodness of fit) 

  β 

intercept 

 

LCI 

 

UCI 

 β  

slope 

 

LCI 

 

UCI 

χ2 

p>0.05  

CFI 

>0.90  

RMSEA 

<0.05 

TLI 

>0.90 

Effect of 1st trimester blood Cd on 25OHD intercept and slope  

Crude Model -1.51 -2.41 -0.61 0.06 -0.47 0.58 139, df 2, p<0.001 0.91 0.22 0.73 

Adjusted Model -0.55 -1.64 0.54 0.07 -0.57 0.71 136, df 43, p<0.001 0.95 0.04 0.87 

Adjusted Model 

(with FIML) 
-0.42     -1.43 0.59 -0.18 -0.80 0.43 135, df 43, p<0.001 0.95  0.04 0.88 

Effect of 1st trimester blood Pb on 25OHD intercept and slope  

Crude Model -1.23 -2.79 0.33 0.54 -0.37 1.45 140, df 2, p<0.001 0.91 0.22 0.73 

Adjusted Model -1.25 -2.91 0.40 0.74 -0.22 1.70 110, df 43, p<0.001 0.97 0.04 0.92 

Adjusted Model 

(with FIML) 
-0.99 -2.52 0.54 0.50 -0.33 1.53 108, df 43, p<0.001 0.97 0.03 0.93 
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Table S8: Estimates from Cross Lagged Models (Unstandardized and Standardized) 

   Unstandardized β Estimates Standardized β Estimates 
Type of 
effect  Outcome* Exposure*  β  SE LCI UCI 

% 
change 

LCI UCI β  SE LCI UCI 

CADMIUM                       

Regressions              

3rd  25OHD 
  

1st 25OHD 0.547 0.025 0.498 0.597 46.13 41.20 51.22 0.503 0.021 0.462 0.543 AR 

1st Cd -0.009 0.013 -0.034 0.017 -0.60 -2.34 1.17 -0.018 0.027 -0.071 0.035 CL 

3rd Cd 
  

1st Cd 0.510 0.024 0.463 0.556 42.38 37.87 47.04 0.530 0.023 0.486 0.574 AR 

1st 25OHD -0.136 0.046 -0.226 -0.046 -8.99 -14.50 -3.12 -0.062 0.021 -0.103 -0.021 CL 

Covariance              

1st 25OHD 1st Cd -0.056 0.016 -0.087 -0.026    -0.094 0.026 -0.145 -0.043  

3rd Cd 3rd  25OHD -0.006 0.010 -0.027 0.014    -0.010 0.017 -0.043 0.022  

LEAD                       

Regressions              

3rd  25OHD  
  

1st 25OHD 0.550 0.025 0.500 0.599 46.38 41.44 51.48 0.505 0.021 0.465 0.545 AR 

1st Pb 0.018 0.020 -0.020 0.056 0.92 -1.72 3.63 0.023 0.024 -0.025 0.070 CL 

3rd Pb 
  

1st Pb 0.722 0.020 0.683 0.760 64.89 60.50 69.40 0.667 0.015 0.637 0.697 AR 

1st 25OHD -0.049 0.026 -0.099 0.002 -3.31 -6.63 0.12 -0.033 0.018 -0.068 0.001 CL 

Covariance                       

1st 25OHD 1st Pb -0.019 0.009 -0.037 -0.001    -0.053 0.026 -0.104 -0.002  

3rd Pb 3rd  25OHD 0.003 0.006 -0.009 0.014    0.007 0.014 -0.021 0.034  

*log2 transformed  
1st =1st trimester; 3rd =3rd trimester; β =beta estimate; LCI=lower 95% Confidence Interval; UCI=Upper 95% Confidence Interval; 
SE=Standard Error; AR=autoregressive; CL = cross lag.  Other covariates (exogenous variables): smoking status at visit 1, maternal 
education, income, maternal age, pre-pregnancy BMI, maternal race, general fish consumption per week (in past 3 months of 
exposure measure), study site, time spent outdoors at visit 1, blood collection season at time of exposure measure (visit 1)  included 
as exogenous variables in the model. 
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Figure S1: Directed Acyclic Graph (DAG) 
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Figure S2: Gestational Week and 25OHD concentrations in pregnancy 

Gestational Age estimate : 0.27(0.23, 0.30) 
This suggests that for each unit change in gestational age (week) there is a 0.27 nmol/L increase in 25OHD 
Adjusted Mixed model: random subject and other fixed effects (study site, Pre-pregnancy BMI, parity, income, maternal education, 
ethnicity, fish consumption in past 3 months, smoking status, days  outside in last 30 days). 
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Figure S3: Analysis of Covariance model: relation between Cadmium and Total 250HD, by smoking 
status. 

4 
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Figure S4: Multivariable Linear Regression by visit, and smoking status 

Results (β and 95% CI) from several linear regression models looking at the  effect of log2 Cd concentrations measured in the 1
st

 and 3
rd

  trimester on 

25OHD measured in the 1
st
 and 3

rd
  trimester and at delivery by all participants, smokers (n=235)  and non-Smokers (n=1724).  Models include: 

smoking status at time of exposure measure (only ALL), maternal education, income, maternal age, pre-pregnancy BMI, maternal race, general fish 
consumption per week (in past 3 months of exposure measure), study site, time spent outdoors, blood collection season at time of exposure measure 
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Preface to Chapter 3 

Our first thesis article, presented in chapter 2, provided insight into the direction of the 
association between vitamin D and metals.  Given our results suggested that early vitamin D 
concentrations may modify toxic metal exposures later in pregnancy, in Paper 2 we carry on to 
examine vitamin D as a potential modifier in the association between toxic metals and preterm 
birth.  The author contributions are listed below.  
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ABSTRACT 

BACKGROUND 

Toxic metals, like lead, are risk factors for preterm birth (PTB), but few studies have examined 

low levels found in most Canadians.  Vitamin D, which may have antioxidant activity, protects 

against PTB.  

OBJECTIVES 

In this study, we investigated the impact of toxic metals (lead, mercury, cadmium and arsenic) on 

PTB and examined if maternal plasma vitamin D concentrations modify these associations. 

METHODS 

We investigated whether concentrations of metals in whole blood measured in early and late 

pregnancy were associated with PTB (<37 weeks) and spontaneous PTB in 1851 live births from 

the Maternal-Infant Research on Environmental Chemicals Study using discrete time survival 

analysis. We also investigated whether the risk of PTB was modified by 1st trimester plasma 25-

hydroxyvitamin D (25OHD) concentrations. 

RESULTS 

Of 1851 live births, 6.1% (n=113) were PTBs and 4.9% (n=89) were spontaneous PTB. A 1 

μg/dL increase in blood lead concentrations during pregnancy was associated with an increased 

risk of PTB (relative risk [RR] 1.48, 95% confidence interval [CI] 1.00, 2.20) and spontaneous 

PTB (RR 1.71, 95% CI 1.13, 2.60). The risk was higher in women with insufficient vitamin D 

concentrations (25OHD <50 nmol/L) for both PTB (RR 2.42, 95% CI 1.01, 5.79) and 

spontaneous PTB (RR 3.04, 95% CI 1.15, 8.04).  However, an interaction on the additive scale 

was not present. Arsenic was associated with a higher risk of PTB (RR 1.10, 95% CI 1.02, 1.19) 

and spontaneous PTB (RR 1.11, 95% CI 1.03, 1.20) per 1 µg/L. 
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CONCLUSIONS 

Gestational exposure to low levels of lead and arsenic may increase the risk of PTB and 

spontaneous PTB; individuals with insufficient vitamin D may be more susceptible to the 

adverse effects of lead.  Given our relatively small number of cases, we encourage testing of this 

hypothesis in other cohorts; especially those with vitamin D deficient populations.  

 

KEYWORDS:  Preterm birth, 25-hydroxyvitamin D, metals, lead, cadmium, mercury, arsenic 
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BACKGROUND 

Preterm birth (PTB) is the leading risk factor for death in children under 5 years of age globally.1  

PTB is a risk factor for neurodevelopmental disorders2 childhood asthma 3, and cardiovascular 

diseases in young adulthood. 4  Globally, 10.6% of all live births are PTB (< 37 wk gestational 

age); in Canada about 8% of births are preterm. 5    

 

Toxic metals such as lead (Pb) are associated with PTB 6–9 but few studies have explored this 

association at the low levels found in most Canadian women (GMPb 0.87 µg/dL, 95% CI 0.81-

0.94).10  Pb and other toxic metals are associated with higher concentrations of reactive oxygen 

species in the placenta 11 and inflammatory markers, such as matrix metalloproteinases (MMPs) 

in 3rd trimester maternal blood. 12   MMPs have been implicated in cervical ripening and 

premature rupture of membranes. 13  Conversely, vitamin D, which may have antioxidant activity 

14 protects against PTB. 15   Further, vitamin D may modify toxic metal exposures in pregnancy. 

16 We found that increasing 25-hydroxyvitamin D (25OHD) concentrations during early 

pregnancy were associated with lower cadmium (Cd) and Pb concentrations in the 3rd trimester. 

17   

 

We sought to investigate the individual and joint association between the metals arsenic (As), 

Cd, Pb, and mercury (Hg), and vitamin D (25OHD) with PTB. In addition, PTB has a 

multifactorial aetiology and more focus is needed to understand the mechanisms behind chemical 

exposures and PTB by separating PTB phenotypes. 18  To address this, we also investigated a 

sub-phenotype of PTB, thought to be prompted by inflammation or infection, by examining a 
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subgroup of PTBs with spontaneous preterm labour and/or preterm premature rupture of 

membranes (pPROM).19 

 

METHODS 

The Maternal-Infant Research on Environmental Chemicals Study (MIREC) is a prospective 

cohort study that recruited individuals in their 1st trimester of pregnancy (<14 weeks gestation) 

between 2008-2011 from medical clinics (ultrasound, midwife and/or doctor’s clinics) in 10 

Canadian cities (Vancouver, Edmonton, Winnipeg, Sudbury, Hamilton, Toronto, Kingston, 

Ottawa, Montreal, and Halifax).20 Participants were eligible for the MIREC study if they were 18 

years or older, < 14 weeks pregnant, willing to provide a cord blood sample and planning on 

delivering at a local hospital.20 We excluded pregnant individuals if they had known fetal 

abnormalities or medical complications such as renal, heart, liver, pulmonary or a collagen 

disease, epilepsy, threatened spontaneous abortion, illicit drug use, or a haematological disorder 

(See (SI) eFigure1).   Participants provided blood and urine samples and completed 

questionnaires in the 1st and 3rd trimesters of pregnancy.  At delivery, a chart review was 

completed in order to obtain information on the delivery and neonatal outcomes. Research Ethics 

Board approval was obtained at Health Canada and all study sites; all study participants provided 

informed consent.   

 

Specimen collection and laboratory analysis 

We analyzed maternal whole blood specimens from the first and third trimester at the Centre de 

Toxicologie du Québec (CTQ), Institut national de Santé Publique du Québec (INSPQ) for total 

blood arsenic, Cd, Pb, and Hg concentrations.21  At Health Canada’s Foods Directorate 
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Laboratory, we analyzed maternal blood plasma collected in the 1st and 3rd trimesters for total 

25OHD,  as previously reported in detail;22 this laboratory participates in the Vitamin D 

Standardization Certification Program (VDSCP). For values below the limit of detection (LOD), 

we imputed LOD/2. 

 

Exposures 

Time-varying exposures (arsenic, Cd, Pb and Hg and 25OHD) were analyzed both continuously 

and categorically for 25OHD (< 50 or ≥50 nmol/L) basing our cut points on those proposed by 

the Institute of Medicine 23 for plasma 25OHD, the widely accepted biomarker of vitamin D 

status.24  No specific guidelines exist for vitamin D in pregnancy but a concentration of 50 

nmol/L (sufficient vitamin D status) would meet the needs of at least 97.5% of the population 

(Recommended Dietary Allowance; RDA). In addition, as a sensitivity analysis, we considered 

the population recommendation for adequate vitamin D status ≥40 nmol/L 23 as the lower cut 

point in our categorical analysis for 

25OHD.<sup>22</sup><sup>172</sup><sup>172</sup><sup>172</sup><sup>172</sup> 

 

Outcomes 

We defined PTB as live births occurring between 20 and <37 weeks as indicated by chart review 

at delivery.  Consistent with work done by Ferguson and Chin 25, we defined spontaneous PTB 

as PTB with spontaneous labour and/or pPROM as noted in their medical chart at delivery.  We 

excluded medically indicated (e.g., preeclampsia, gestational diabetes) PTB from this subgroup 

analysis (eFigure1).    
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Covariates 

We used Directed Acyclic Graphs (DAGs) to conceptualize potential covariate relationships and 

identify confounders, not on the causal pathway between each exposure and PTB (eFigure 2-6).  

We considered both continuous (maternal age, pre-pregnancy BMI) and categorical time-

invariant covariates (mother’s birthplace, maternal education, gross annual household income, 

marital status, parity and sex of baby), and time-varying confounders (season of blood collection, 

fish consumption, smoking status, and walking duration on a typical day as a proxy measure for 

physical activity) assessed in the 1st and 3rd trimester (See Table 1). We considered all covariates 

in our analysis but for our final models we prioritized model parsimony due to the modest 

sample size, 17 time-indicator variables (see below), and relative rarity of the outcome. We 

included pre-pregnancy BMI, maternal age, season, smoking status, fish consumption, and self-

reported walking in the final models; these covariates were most strongly associated with PTB in 

our data and/or changed a metal effect estimate by 10% or more.  

 

Statistical analysis 

We used discrete-time survival analysis with logistic regression26–28  to characterise the hazard 

probability of PTB between 20 and 36 wks +6 days of gestation. Given that we obtained the 

exposure data in discrete time intervals during pregnancy but over a range of gestational ages, we 

modeled time using 17 indicator variables for each gestational week (20 to 36 completed weeks) 

at risk of PTB (the event). Births prior to 20 weeks were considered miscarriages and births that 

occurred at 37 weeks or later were censored because they were no longer at risk of the event 

(PTB). This method produces an overall odds ratio for the effect of a predictor on PTB and a 

hazard function.  We plotted this function at different values of a predictor (e.g., 95th percentile 
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of Pb), holding all other variables constant for each of the 17-time points.  Given the prevalence 

of PTB is <10%, the odds ratios are a valid approximation to the relative risk (RR) and therefore 

are referred to as RR in this paper. 

 

We fit discrete-time survival analysis with logistic regression following the sequential methods 

proposed by Singer and Willet 27 beginning with Model 1 (Base Model), where the number of 

PTBs is considered to only depend on time (17 gestational weeks at risk). Model 2 builds on the 

Base Model where we examined the effect of each covariate selected in the DAG and described 

above (time-varying and time-invariant) on the model, the exposures, along with an interaction 

term between covariate or exposures and time variables to determine the validity of the 

proportionality assumption.27  For our final model, we included pre-pregnancy BMI, maternal 

age, season, smoking status, fish consumption, and self-reported walking.   

We examined time-varying (taking into account both 1st and 3rd trimester measures) exposures 

for each metal in separate models. We did not consider exposure time points separately given the 

high correlation between 1st and 3rd trimester metals and 25OHD concentrations (eTable 1) 

making it difficult to consider one trimester without the other. To determine if an interaction was 

present, we examined the log odds of the interaction term between vitamin D (<50 vs ≥ 50 

nmol/L) and metals with PTB. We also conducted stratified analyses to estimate the association 

between metals and PTB in women with insufficient (<50 nmol/L) and sufficient vitamin D 

status (≥50 nmol/L) separately.  Finally, to determine departure from additivity, we estimated the 

crude and adjusted relative excess risk due to interaction (RERI) using the method proposed by 

Knol et al. 29 for one continuous and one dichotomous determinant and dichotomous outcome, 

bootstrapping 1000 times.  As a sensitivity analysis, we re-ran all models with continuous 
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exposure estimated for a change in interquartile range (eTables 2 and 3).   We assumed that the 

predictors are linearly associated with the logistic transformation of hazard (logit hazard).  To 

test for non-linearity between the metal exposures and the outcome we tested a quadratic term 

(e.g., Pb + Pb2) in the model and compared model fit (deviance/AIC) with and without the term. 

 

Missing Data 

Discrete-time survival analysis requires a person-period format; therefore, the number of records 

for each participant may vary by the duration at risk.  When gestational age was missing for 3rd 

trimester exposure measurements (n=3, 1.8% of participants) we imputed the average gestational 

age (32 weeks) for all third trimester measurements in the cohort.  We had complete exposure, 

outcome and covariate data for 77% of our participants.  For missing time-varying covariates 

(smoking, fish consumption and walking duration per day) for which we had information from 

one time point (1st trimester) for that participant, we carried this information forward.  Other 

exposures or covariates with >5% missing included pre-pregnancy BMI (7.5%), 3rd trimester 

metals (12%), and 25OHD (13%). We assumed that missing data were missing at random 

(MAR) and did not find any major differences across groups based on missingness (eTable 4-5 

and eFigure 7-8).  We used Multiple Imputation using Chained Equations (MICE) with 

predicted mean matching (PMM) 30 to impute the remaining missing exposure and covariates 

information (m = 50 datasets) using SAS PROC MI. To consider unmeasured confounding, we 

estimated the E-value for those estimates with non-overlapping confidence intervals. 31 

 

All statistical analyses were performed using SAS Enterprise Guide 7.15 (SAS Institute Inc., 

Cary, NC 2017). 
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RESULTS 

The MIREC study initially recruited 2001 pregnant women between the years 2008-2011.  

Eighteen participants subsequently withdrew from the study and 1851 (93%) participants had a 

live singleton birth with one or more metal or 25OHD concentration measurements (See SI 

eFigure1). Of these, 113 (6.1%) were PTBs and 89 (4.9%) were spontaneous PTBs, which is 

lower than the Canadian PTB rate during this time period (range 7.6-8.0% of live births).32 The 

characteristics of the MIREC cohort are shown in Table 1).  The prevalence of PTB was higher 

in older and younger participants and with increasing pre-pregnancy BMI levels.  The prevalence 

of PTB was somewhat lower in participants who were higher fish consumers and self-reported 

that they walked more. A higher prevalence of PTB (9.8%) and spontaneous PTB (8.1%) was 

observed among participants whose 3rd trimester visit (mean 33 weeks’ gestation) occurred in the 

summer.  First and third trimester metal and 25OHD concentrations were moderately to highly 

correlated between trimesters (See SI eTable1).   

 

First trimester geometric means for total blood arsenic, Cd , Pb and Hg were slightly higher than 

3rd trimester concentrations  while the opposite pattern emerged for 25OHD (See Table 2).  

Mean 25OHD concentrations were lower in the 1st trimester (69.7 nmol/L) compared to the 3rd 

(78.4 nmol/L).   

 

In adjusted models, we observed an increased risk of PTB per unit increase in Pb exposure 

(Table 2). A 1 µg/dL increase in Pb exposure during pregnancy was associated with an increased 

risk of any PTB and a spontaneous PTB. A 1 µg/L increase in arsenic was also associated with 
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an elevated risk of preterm and spontaneous PTB. These associations were constant over the 17 

time periods (20-36 wks) given we did not see an interaction between any of the metals and time 

in our dataset. Because we also modelled time discretely as a predictor, we can show the hazard 

of PTB at each time point (20-36 wks) given it did not previously occur (conditional probability). 

Figures 1 and 2 provide the hazard profile at each time point for lead and arsenic at the median, 

5th and 95th percentile of exposure.  Cadmium and mercury concentrations were not associated 

with odds of PTB in this cohort (Table 3).  We tested for non-linearity in the exposures (Pb and 

arsenic) by fitting a quadratic term in the model and found no evidence of nonlinearity.  In 

addition, the deviance and AIC results were comparable to those from the linear model. We 

found consistent but somewhat attenuated results per IQR increase in Pb (0.39 µg/dL) with PTB 

and spontaneous PTB. For arsenic, an IQR increase (0.63 µg/L) was associated with a 6% (RR 

1.06, 95% CI 1.01, 1.11) and 7% (RR 1.07, 95% CI 1.02, 1.12) higher risk of PTB and 

spontaneous PTB respectively. As a continuous variable, 25OHD showed no evidence of an 

association with PTB (Table 3). Similarly, no association was seen in our categorical analysis 

(<50 vs ≥50 nmol/L) with PTB (Table 3, eFigure 9); in a sensitivity analysis, however, 

participants with 25OHD concentrations below 40 nmol/L had an increased, but imprecise, risk 

of PTB and spontaneous PTB (eFigure 10 and eTable 6).   

 

Next, we examined whether vitamin D status modified the association between Pb and the risk of 

PTB.  We observed a weak interaction between categorical 25OHD (<50, ≥50 nmol/L) and 

continuous Pb with PTB (log odds 0.98, 95% CI -0.17, 2.13) and spontaneous PTB (log odds: 

1.13, 95% CI -0.07, 2.33), that we further investigated in a stratified analysis with 25OHD 

concentrations <50 and  ≥50 nmol/L 23. Participants with insufficient vitamin D status (<50 
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nmol/L) had an elevated risk of PTB (RR 2.42, 95% CI 1.01, 5.79) and spontaneous PTB (RR 

3.04, 95% CI 1.15, 8.04) for each unit increase in Pb.  By contrast, for participants with 25OHD 

concentrations ≥50 nmol/L, the risk of PTB (RR 1.29, 95% CI 0.80, 2.07) and spontaneous PTB 

(RR 1.50, 95% CI 0.91, 2.45) were attenuated. However, we did not see evidence of an additive 

interaction in our adjusted models (Table 4). 

 

COMMENT 

Principal Findings 

Although our pregnant population had low blood Pb levels (95th percentile < 1.5 ug/dL), we 

observed an elevated risk of PTB with increasing blood Pb exposure.  Our results show that 

vitamin D status may modify the adverse effect of blood Pb on PTB risk. The risk of 

spontaneous PTB was 3-fold higher for each 1 µg/dL increase in blood Pb in participants with 

25OHD concentrations below 50 nmol/L. The association was attenuated among participants 

with 25OHD concentrations ≥50 nmol/L. However, we did not see evidence of an interaction on 

the additive scale. Finally, we observed an elevation in the odds of PTB and spontaneous PTB 

for a 1-unit increase in arsenic concentrations however no modification was seen by vitamin D 

status.   

 

Strengths of the Study 

A strength of this study is the prospective nature of the MIREC cohort and measurements at two 

time points during pregnancy of the metals (arsenic, Cd, Pb, Hg), 25OHD, and several 

covariates.  The discrete-time survival analysis allowed us to use all of our data by accounting 

for several time-varying covariates and exposures, and to include time as a predictor of PTB.  In 
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addition, the time-varying method allowed us to take into account the change in metal levels 

between trimesters 1 and 3 instead of a single time point.  Unlike most previous studies, we 

conducted analyses by sub-phenotype of PTB.18 

 

Limitations of the Data 

We did not distinguish between inorganic and organic arsenic, but we did control for fish 

consumption, the main source of organic arsenic.  Although we considered covariates known to 

be associated with vitamin D status (maternal age, socioeconomic status, ethnicity, physical 

activity and higher BMI) 22, measurement error is a ubiquitous problem. Still, we suspect that 

this would have been non-differential and biased our results towards the null.  According to the 

E-value calculation31 of the effect estimates, a strong unmeasured confounder would be needed 

to explain away the association between continuous lead and spontaneous preterm birth and for 

this same association in those with <50 nmol/L 25OHD. Finally, the MIREC study had a 

relatively small number of preterm births and limited power for examining those with low 

vitamin D.  The MIREC study also consists of mainly white women of higher socioeconomic 

status. De facto restrictions of this nature minimized unmeasured confounding, but it limited 

exposure variability and generalisability. 

 

Interpretation  

Pregnancy cohort studies from China (meanPb 1.5 µg/dL) 33,34, Iran (GMPb 3.8 µg/dL) 9,  

Australia (meanPb 10.6 µg/dL)35 and the United Kingdom (meanPb 3.7 µg/dL)6 also found 

elevated odds of PTB with increasing maternal blood Pb concentrations.  These studies had 

higher Pb levels and more variability than the MIREC cohort.  A California-based study (1995-
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2002) that linked birth records with blood Pb testing during pregnancy (anytime between day 1 

and delivery) of 262 mother-infant pairs found a negative association between blood Pb levels 

and gestational length, among those whose blood Pb levels were ≥10 µg/dL 8.  In addition, 

studies from India 36, Indonesia 37, Australia 38  and Spain 39 have shown elevated placental Pb 

levels in preterm versus term deliveries.  In contrast, other studies that measured maternal blood 

Pb exposure during pregnancy40–42, at birth 37 or currently, in a retrospective study 43, did not 

report an association with PTB.  The lack of association in some previous studies may be due to 

low power 41–43, study design (cross-sectional37, retrospective 43), very low blood Pb levels,40  

differing timings of exposure measures, statistical methods and distribution of effect modifiers, 

such as serum vitamin D concentrations.   

 

Few studies have explored the association between blood arsenic and PTB.44  In the China-Anhui 

Birth Cohort, where the median serum total arsenic concentrations collected between 4-17 

weeks’ gestation was 4.87 µg/L, higher PTB rates were observed among participants with As 

concentrations above the 75th percentile compared to those below this cut-point (OR=1.5, 95% 

CI: 1.08, 2.09).  Highly exposed populations in Bangladesh and Taiwan, have shown elevated 

rates of PTB based on drinking water 45–47 and toenail arsenic levels.47  In the United States, PTB 

was spatially associated with higher estimated levels of arsenic in groundwater from New 

Hampshire.48  In Ohio, among individuals living in counties where fewer than 10 or 20% of 

households used private wells as their drinking water source,  those counties with higher arsenic 

levels in their water supply showed a significant increase in the odds of PTB relative to those 

who lived in counties with lower arsenic.49 
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In a previous analysis of the MIREC cohort, increasing vitamin D intake, measured by a food 

frequency questionnaire in the 2nd trimester, was associated with reduced blood Pb and Cd in the 

3rd trimester and in cord blood.50  In addition, we previously reported that increasing 25OHD 

concentrations in the 1st trimester of pregnancy was associated with reduced Pb and Cd 

concentrations in the 3rd trimester.17  A study from the LIFECODES pregnancy cohort 16 

reported that women with low 1st trimester 25OHD concentrations (<50 nmol/L) had 47% higher 

urinary Pb concentrations in the 2nd trimester.      

 

25OHD concentrations may modify the association between Pb and PTB via vitamin D’s role as 

a probable antioxidant.51  Oxidative stress,  defined as an imbalance between cellular reactive 

oxygen species (ROS) and antioxidants 52 has been associated with a number of pregnancy 

outcomes including PTB.53  Pb has been shown to up-regulate ROS 57  which can stimulate pro-

inflammatory enzymes.54  Associations have been observed between blood Pb and elevated 

inflammatory biomarkers such as IL-1β, IL-6 and TNF-α 55 and MMPs.12,56  MMP-9, which has 

known associations with cervical ripening and PTB 57, was associated with elevated Pb exposure 

in the first trimester of pregnancy in another analysis of the MIREC cohort.12 On the other hand, 

micronutrients are known to down-regulate ROS.37  Reports show an inverse relationship 

between 25OHD concentrations and serum MMP-9 levels in vascular diseases.58  A double blind 

randomized controlled trial of 48 pregnant women who were randomized to receive 400 IU/d of 

cholecalciferol (D3) supplements or placebo for 9 weeks, showed significant decreases in 

inflammatory markers and significant increases in plasma concentrations of total antioxidant 

capacity and the major antioxidant glutathione.59  It may be that vitamin D helps to counteract 

increased systemic inflammation induced by lead by acting as a free radical scavenger and 
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preventing and repairing damages caused by ROS;60 however, whether vitamin D acts as an 

antioxidant remains controversial.61 

 

Conclusions 

Lead and arsenic may increase the risk of PTB and spontaneous PTB, even at the lower levels 

found in this Canadian pregnancy and birth cohort. For lead, this association was stronger in 

participants with insufficient 25OHD concentrations (<50 nmol/L) suggesting that these women 

may be more vulnerable to the potential adverse effects of Pb.  However, we did not see an 

interaction on the additive scale and given our lack of power, we encourage testing of this 

hypothesis in other pregnancy cohorts with vitamin D deficient populations.  
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Table 1:  Population characteristics by category of Preterm Births (PTBs) - number of 

PTBs by category, % of total births in category 

Covariates All preterm birth  
 (n=113, 6.1% of births) 

Spontaneous 
preterm birth 

(n=89, 4.9% of births) 

Number (%) Number (%) 

Maternal agea (years) 
 <25  
 25-29 
 30-34 
 35+ 

 
9 (7.0) 4 (3.3) 

18 (4.1) 14 (3.2) 

38 (5.8) 33 (5.1) 

48 (7.7) 38 (6.2) 

Paritya  
 0 
 1 
 2+ 

 
50 (6.2) 37 (4.6) 

47 (6.3) 39 (5.3) 

16 (5.8) 13 (4.5) 

Sex of babyb  
 Male 
 Female 

 
62 (6.3) 50 (5.2) 

51 (5.8) 39 (4.5) 

Pre-pregnancy BMIc (kg/m2) 
 Underweight (<18.5) 
 Normal (<25) 
 Overweight (25-29) 

 Obese (BMI 30) 

 
54 (5.0) 48 (4.4) 

 
20 (5.4) 15 (4.1) 

31 (12.2) 20 (8.2) 

Education b  
 Some college, High School or Less than 
 High School 
 College/Trade Diploma 
 Undergraduate degree 
 Graduate degree 

 
18 (6.3) 11 (4.4) 

 
32 (6.6) 28 (6.5) 

36 (5.3) 28 (4.2) 

27 (5.7) 22 (4.7) 

Household Income ($, CAD) a 
 <50,000 
 50,000-100,000 
 >100,000 
 Don’t know/refused to answer 

 
26 (6.6) 16 (4.0) 

42 (6.7) 34 (5.4) 

28 (5.6) 32 (4.5) 

7 (8.1) 7 (8.1) 

Canadian Born a 
 No 
 Yes 

 
24 (6.8) 21 (6.1) 

89 (5.9) 68 (4.6) 

Marital status a  

 Married 
 Same partner for > 1 year 
 Divorced/separated/single/other 

 
77 (5.8) 64 (4.9) 

29 (6.7) 19 (4.5) 

7 (8.0) 6 (6.9) 

Season at sample collection (trimester 1) b  
 Fall (Sept 21-Dec 20) 
 Winter (Dec 21- March 20) 
 Spring (Mar 21 – June 20) 
 Spring (Mar 21 – June 20) 

 
27 (5.0) 19 (3.6) 

37 (8.4) 28 (6.5) 

24 (5.6) 21 (5.0) 

25 (5.7) 21 (4.9) 

Season at sample collection (trimester 3) 
 Fall (Sept 21-Dec 20) b 

 
23 (5.1) 18 (4.0) 



 

Chapter 3  109 
 

 Winter (Dec 21- March 20) 
 Spring (Mar 21 – June 20) 
 Spring (Mar 21 – June 20) 

22 (5.3) 17 (4.2) 

27 (4.9) 20 (3.7) 

41 (9.6) 34 (8.1) 

Smoking status at trimester 1b 
 Never/former smoker 
 Smoker/quit during pregnancy 

 
99 (6.1) 78 (4.9) 

14 (6.4) 11 (5.1) 

Smoking status at trimester 3 b 
 Never/former smoker 
 Smoker/quit during pregnancy 

 
99 (6.1) 78 (4.9) 

14 (6.2) 11 (4.9) 

Fish consumption at trimester 1 b  
 No fish 
 up to 1 time per week 
 >1 but ≤2 times per week 
 >2 times per week 

 
14 (5.4) 13 (5.0) 

55 (6.9) 47 (6.0) 

22 (5.3) 14 (3.5) 

22 (5.8) 15 (4.0) 

Fish consumption at trimester 3 b  
 No fish 
 up to 1 time per week 
 >1 but ≤2 times per week 
 >2 times per week 

 
22 (8.1) 19 (7.0) 

48 (6.1) 38 (4.9) 

21 (4.9) 16 (3.8) 

22 (6.2) 16 (4.6) 

Walking duration at trimester 1 (minutes) b 
  <30 minutes per day 
 between 30 and <60 minutes per day 
 between 60 and <120 minutes per day 
 ≥120 minutes per day 

 
13 (7.3) 9 (5.2) 

23 (5.8) 17 (4.4) 

34 (7.2) 31 (6.7) 

43 (5.3) 32 (4.0) 

Walking duration at trimester 3 (minutes) b 
 <30 minutes per day 
 between 30 and <60 minutes per day 
 between 60 and <120 minutes per day 
 ≥120 minutes per day 

 
15 (8.8) 10 (6.1) 

29 (7.9) 24 (6.7) 

24 (4.9) 21 (4.3) 

45 (5.5) 34 (4.2) 

1st trimester Vitamin D (nmol/L)d 
 <50 nmol/L 25OHD 
 ≥50 nmol/L 25OHD 

 
20 (7.2) 14 (5.2) 

90 (5.9) 72 (4.8) 

 

Missing covariate information for sample (ntotal=1851); a: 0% b: <1%; c: 7.5%; d: 3.3%. See 
Supporting Information eFigure7-8 for further information on missingness.   
n=number of preterm births within category 
%=the percent of births that are preterm in that category 
25OHD=25-hydroxyvitamin D
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Table 2:  Distribution of metals and 25hydroxyvitamin D (25OHD) in the MIREC Cohort Study 

a. The metals were not normally distributed, so we calculated the geometric mean 
b. 25OHD is normally distributed so we calculated the mean. 
c. For values below the limit of detection (LOD) we imputed LOD/2 

Chemical units n Trimester LOD % > LODc 

Missing 
(%) 

Min 
5th 
Pctl 

25th Pctl 
50th 
Pctl 

75th 
Pctl 

95th Pctl Max 
Geometric 

Meana 
(95% CI) 

(total 
n=1851) 

Arsenic µg/L 1826 1 0.22 92.7% 1.5% 0.11 0.11 0.52 0.75 1.12 2.32 34.46 
0.73 

(0.71, 0.76) 

Arsenic µg/L 1631 3 0.22 87.3% 11.9% 0.11 0.11 0.42 0.69 1.12 2.77 32.96 
0.64 

(0.61, 0.67) 

Cadmium 
(Cd) 

µg/L 1826 1 
0.04 

 
97.2% 1.5% 0.02 0.07 0.13 0.20 0.31 1.12 5.06 

0.22 
(0.21, 0.22) 

Cadmium 
(Cd) 

µg/L 1631 3 
0.04 

 
96.1% 11.9% 0.02 0.06 0.13 0.20 0.29 0.75 4.27 

0.20 
(0.19, 0.20) 

Lead (Pb) µg/dL 1826 1 
0.10 

 
100% 1.5% 0.16 0.29 0.44 0.61 0.85 1.41 4.14 

0.62 
(0.61, 0.63) 

Lead (Pb) µg/dL 1631 3 
0.10 

 
99.8% 11.9% 0.05 0.27 0.41 0.56 0.79 1.35 4.14 

0.57 
(0.56, 0.58) 

Mercury 
(Hg) 

µg/L 1826 1 
0.10 
0.12 

90.5% 1.5% 0.05 0.06 0.32 0.70 1.36 2.81 10.03 
0.60 

(0.57, 0.63) 

Mercury 
(Hg) 

µg/L 1631 3 
0.10 
0.12 

88.8% 11.9% 0.05 0.06 0.26 0.56 1.00 2.21 12.44 
0.48 

(0.46, 0.51) 

   Trimester   % missing Min 
5th 
Pctl 

25th Pctl 
50th 
Pctl 

75th 
Pctl 

95th Pctl Max 
Meanb 

(95% CI) 

25OHD 
nmol/

L 
1796 1 

10 

  

99.8% 3.10% 5.00 37.23 56.24 68.91 81.50 106.10 194.80 
69.7 

(68.7, 70.7) 

25OHD 
nmol/

L 
1608 3 3, 10 99.9% 13.20% 1.50 37.50 60.45 77.22 94.72 121.52 293.40 

78.4 
(77.1, 79.7) 
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Table 3: Relative Risk (95% CI) of preterm birth per unit increase in exposure 

Exposure (units) 
Relative risk (95% confidence interval) 

All Preterm Births 
Spontaneous 

Preterm Births 

   

Arsenic (µg/L) 1.10 (1.02, 1.19) 1.11 (1.03, 1.20) 

Cadmium (µg/L) 0.70 (0.32, 1.52 0.68 (0.28, 1.63) 

Lead (µg/dL) 1.48 (1.00, 2.20) 1.71 (1.13, 2.60) 

Mercury (µg/L) 0.83 (0.59, 1.17) 0.85 (0.59, 1.21) 

25OHD (nmol/L) 1.00 (0.99, 1.01) 1.00 (1.00, 1.01) 

250HD (<50 nmol/L vs ≥50 
nmol/L (reference) 

0.89 (0.45, 1.76) 0.93 (0.44, 1.99) 

 

Imputed Models (m = 50 imputations) adjusted for maternal age, pre-pregnancy BMI, season, 
fish consumption, self-reported walking and smoking. All models contain time varying 
exposures (arsenic, Cd, Pb, Hg, 25OHD continuous and then dichotomous with a cut point at 50 
nmol/L) and covariates (season, fish consumption, self-reported walking and smoking) and time 
fixed covariates (maternal age, pre-pregnancy BMI).  
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Table 4: Associations of in metal exposure (per unit increase) by Vitamin D Status and 

Preterm Birth – Stratified analysis by 25OHD concentrations <50 and ≥50 nmol/L 

 Participants with 
25OHD < 50 nmol/L, 

(n=20 PTB,n=357 term births ) 

Participants with  
25OHD ≥ 50 nmol/L,  

(n=90 PTB, n=1426 term 
births) 

All preterm Birth   

   Arsenic (µg/L) 1.18 (0.86, 1.61) 1.01 (0.80, 2.28) 

   Cadmium (µg/L) 0.97 (0.33, 2.89) 0.53 (0.17, 1.68) 

   Lead (µg/dL) 2.42 (1.01, 5.79) 1.29 (0.80, 2.07) 

   Mercury (µg/L) 0.72 (0.29, 1.76) 0.86 (0.60, 1.23) 

   

Spontaneous preterm Birth 25OHD < 50 nmol/L 
(n=14 PTB n=257 term births) 

25OHD ≥ 50 nmol/L 
(n=72 PTB, n=1426 term 

births) 

 RR (95% CI) RR (95% CI) 

   Arsenic (µg/L) 1.20 (0.80, 1.80) 1.01 (0.80, 1.28) 

   Cadmium (µg/L) 0.86 (0.27, 2.70) 0.50 (0.13, 1.92) 

   Lead (µg/dL) 3.04 (1.15, 8.04) 1.50 (0.91, 2.45) 

   Mercury (µg/L) 0.64 (0.21, 2.00) 0.88 (0.60, 1.28) 
 

Relative risks were adjusted for maternal age, pre-pregnancy BMI, season, fish consumption, 
self-reported walking and smoking 
Exposure is continuous and time varying. 
Relative Excess Risk due to Interaction spontaneous PTB bootstrapped 1000 times 
(RERIunadjusted) 0.46 (95% CI -1.66, 1.81); RERIadjusted: 0.52(-95% CI 2.91, 1.68) 
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Figure 1: Adjusted hazard probability of preterm birth with respect to blood lead concentration 

at the median, 5th and 95th percentile.   

 

Figure 2: Adjusted hazard probability of preterm birth with respect to blood arsenic 

concentration at the median, 5th and 95th percentile.   
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eTable S1: Correlation coefficients between blood metal and 25OHD concentrations 

Metals (Spearman) 
  PB_1st PB_3rd CD_1st CD_3rd HG_1st HG_3rd AS_1st AS_3rd 
PB_1st 1 0.76 0.23 0.18 0.26 0.24 0.17 0.13 
PB_3rd  1 0.15 0.27 0.26 0.28 0.20 0.17 
CD_1st   1 0.64 0.05 0.00 -0.04 -0.01 
CD_3rd    1 0.08 0.10 0.04 0.03 
HG_1st     1 0.75 0.38 0.33 
HG_3rd      1 0.36 0.38 
AS_1st       1 0.41 
AS_3rd       

 
1 

 

 Vitamin D  Spearman Pearson 
 25OHD 3rd trimester 25OHD 3rd trimester 

25OHD 1st trimester 0.55 0.56 

 

 

  



 

Chapter 3  117 
 

eTable S2: Relative Risk of Preterm Birth per IQR increase in exposure  

Exposure IQR All PTBs Spontaneous PTB 

  RR 95% CI RR 95% CI 

Arsenic (µg/L) 0.63 1.06  1.01, 1.11 1.07  1.02, 1.12 

Cadmium (µg/L) 0.17 0.94  0.82, 1.07 0.94  0.81, 1.09 

Lead (µg/dL) 0.39 1.16  1.00, 1.36 1.23  1.05, 1.45 

Mercury (µg/L) 0.96 0.84  0.61, 1.16 0.85  0.61, 1.20 

25OHD (nmol/L) 27.3 1.07  0.85, 1.34 1.13  0.89, 1.45 

 
Imputed Models (m=50 imputations) adjusted for maternal age, pre-pregnancy BMI, season, fish consumption, 
self-reported walking and smoking. All models contain time varying exposures (As, Cd, Pb, Hg, 25OHD) and 
covariates (season, fish consumption, self-reported walking and smoking) and time fixed covariates (maternal age, 
pre-pregnancy BMI).  
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eTable S3: Relative Risk of Preterm Birth per IQR increased in exposure by Vitamin D Status – 

Stratified analysis by 25OHD concentrations <50 and ≥50 nmol/L 

ALL Preterm Births  IQR Participants with 
25OHD < 50 nmol/L, 

(n=20 PTB,n=357 term births ) 

Participants with  
25OHD ≥ 50 nmol/L,  

(n=90 PTB, n=1426 term 
births ) 

  OR (95% CI) OR (95% CI) 

Arsenic (µg/L) 0.63  1.11 (0.91, 1.35)  1.01 (0.87, 1.17) 
Cadmium (µg/L) 0.17  1.00 (0.83, 1.20)  0.90 (0.74, 1.09) 
Lead (µg/dL) 0.39  1.41 (1.00, 1.98)  1.10 (0.92, 1.33) 
Mercury (µg/L) 0.96  0.73 (0.31, 1.72)  0.86 (0.61, 1.22) 

Spontaneous 
Preterm Births 

   

Exposure*  25OHD < 50 nmol/L 
(n=14 PTB n=257 term births) 

25OHD ≥ 50 nmol/L 
(n=72 PTB, n=1426 term 

births) 

  OR (95% CI) OR (95% CI) 

Arsenic (µg/L) 0.63 1.12 (0.87, 1.45) 1.00 (0.83, 1.19) 
Cadmium (µg/L) 0.17 0.97 (0.80, 1.18) 0.89 (0.71, 1.12) 
Lead (µg/dL) 0.39 1.54 (1.05, 2.25) 1.17 (0.96, 1.42 

Mercury (µg/L) 0.96 0.66 (0.22,1.95) 0.88 (0.61, 1.27) 
Model:  adjusted for maternal age, pre-pregnancy BMI, season, fish consumption, self-reported walking and 
smoking 
Exposure is continuous and time varying. The odds per IQR increase in exposure.  
pinteraction=<0.10 (continuous Pb and 25OHD category (<50, ≥50 nmol/L). 
Relative Excess Risk due to Interaction for spontaneous PTB: bootstrapped 1000 times (RERIcrude): 0.46 (-1.66, 
1.81); RERIadjusted:-0.13 (-0.94, 2.02) 
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eTable S4:  Characteristics of Participants with Missingness – categorical variables 

   

Major 
Missing 

Covariates* 
Any Missing 
Covariates** All Data 

No 
Missing 

   Percent Percent 
 
Percent  Percent 

Household income           

1 $50K or less 28 27 22 21 

2 between $50K to $100K 30 32 35 35 

3 greater than $100K 35 36 39 39 

4 Don’t know/refuse to answer 7 6 5 4 

Marital status           

1 Married 69 70 72 73 

2 Same partner for > 1 year 26 25 23 23 

3 Divorced/separated/single/other 6 5 5 5 

parity           

1 0 41 42 44 44 

2 1 41 41 40 40 

3 2+ 18 17 16 15 

Maternal education           

1 
Some college, High School or Less than High 
School 

18 17 14 13 

2 College/Trade Diploma 26 25 24 23 

3 Undergrad degree 33 35 37 37 

4 Graduate degree 22 23 26 26 

Born in Canada           

1 No 18 18 19 19 

2 Yes 82 82 81 81 

Fetal Sex           

1 Male 55 55 53 52 

2 Female 45 45 47 48 

Fish Consumption in 1st trimester           

1 No fish 20 18 14 13 

2 up to 1 time per week 42 41 43 43 

3 >1 but ≤2 times per week 18 20 22 23 

4 >2 times per week 21 20 21 21 

Fish Consumption in 3rd  trimester           

1 No fish 22 20 15 13 

2 up to 1 time per week 39 40 43 43 

3 >1 but ≤2 times per week 19 19 23 24 

4 >2 times per week 20 21 19 19 

Smoking Status 1st Trimester           
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1 Never/former smoker 84 85 88 89 

2 Smoker/quit during pregnancy 16 16 12 11 

Smoking Status 3rd trimester           

1 Never/former smoker 84 84 88 89 

2 Smoker/quit during pregnancy 16 16 12 11 

Walking duration at 1st trimester           

1 <30 minutes per day 12 12 10 9 

2 between 30 and <60 minutes per day 20 20 21 22 

3 between 60 and <120 minutes per day 26 26 25 25 

4 ≥120 minutes per day 42 42 44 44 

Walking duration at 3rd trimester           

1 <30 minutes per day 8 8 9 10 

2 between 30 and <60 minutes per day 20 20 20 20 

3 between 60 and <120 minutes per day 27 28 27 26 

4 ≥120 minutes per day 45 45 44 44 

Season at 1st trimester visit           

1 Fall (Sept 21-Dec 20) 27 28 29 30 

2 Winter (Dec 21- March 20) 23 23 24 24 

3 Spring (Mar 21 – June 20) 21 21 23 24 

4 Summer (June 21 – Sept 20) 28 28 24 22 

Season at 3rd trimester Visit           

1 Fall (Sept 21-Dec 20) 23 23 25 25 

2 Winter (Dec 21- March 20) 28 27 22 21 

3 Spring (Mar 21 – June 20) 27 28 30 30 

4 Summer (June 21 – Sept 20) 23 22 23 24 

* Covariates with >5% missing (3rd trimester metals, vitamin D and Pre-pregnancy BMI)  
** Any of 1st or 3rd trimester measures (metals, vitamin D, season, walking, smoking) plus baseline measures of parity, 
income, maternal age, education, marital status and country of birth 
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eTable S5:  Characteristics of Participants with Missingness – continuous covariates/exposures 
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Variable 25th Pctl 50th Pctl 75th Pctl 95th Pctl Mean 

Arsenic 1st trimester  
(µg/L) 0.5 0.5 0.5 0.8 0.7 0.8 1.1 1.0 1.2 2.1 2.0 2.3  

  
Cadmium 1st trimester  
(µg/L) 0.1 0.1 0.1 0.2 0.2 0.2 0.3 0.4 0.3 1.7 1.8 0.9  

  
Lead 1st trimester  
(µg/dL) 0.5 0.5 0.4 0.6 0.6 0.6 0.8 0.8 0.8 1.4 1.4 1.4  

  
Mercury 1st trimester  
(µg/L) 0.2 0.2 0.3 0.6 0.6 0.7 1.3 1.3 1.4 2.8 2.6 2.8  

  
25OHD 1st trimester 
(nmol/L) 53 53 57 66 66 70 79 79 82 108 108 106 68 68 70 

Pre-pregnancy BMI 
(kg/m2) 21 22 21 24 24 23 27 27 27 37 37 36 25 25 25 

Maternal age (yrs) 28 28 29 31 32 32 36 36 36 40 40 40 32 32 32 

                
Any miss: participants with any of 1st or 3rd trimester measures (metals, vitamin D, season, walking, smoking) plus baseline measures of parity, 
income, maternal age, education, marital status and country of birth missing             
Major: Those participants with missing covariates with >5% missing (3rd trimester metals, vitamin D and Pre-pregnancy BMI)    
No miss:  Participants with no missing covariates                
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eTable S6: Secondary Categorical Analysis of the association between Vitamin D and Preterm Birth. 

 All Preterm Births Spontaneous Preterm Birth 

Exposure Category OR 95% CI OR 95% CI 

Vitamin D (25OHD)     

<40 nmol/L vs >=40 nmol/L 1.22 0.56, 2.67 1.19 0.48, 2.99 

Models adjusted for maternal age, pre-pregnancy BMI, season, fish consumption, self-reported walking and 

smoking  

Also see Figure S9 for Hazard Profile.  
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eFigure2: DAG – Cd and Preterm 
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eFigure3: DAG - 25OHD and Preterm 

 

 

  



 

Chapter 3  126 
 

eFigure4: DAG – Hg and Preterm 
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eFigure5: DAG – As and Preterm 
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eFigure6: DAG – Lead and Preterm 
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eFigure7: Pattern of Missingness (Histogram) 
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eFigure8: Pattern of Missingness 
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eFigure9: Adjusted Hazard Ratio for 25OHD  (<50 and ≥50 nmol/L) 
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eFigure10: Adjusted Hazard Ratio for 25OHD (<40 and ≥40 nmol/L) 
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Preface to Chapter 4 

In our second thesis article (Chapter 3) we observed an association between the toxic metals lead 
and arsenic with preterm birth.  Research suggests that pregnancy complications including 
preterm birth may have long-term implications for maternal health.  In the most recent follow-up 
of the MIREC, Endocrine and Metabolic Function (MIREC-ENDO), we invited mothers back 
into the study and collected information on cardiometabolic health approximately 9 years 
postpartum.  This third article examines the association between pregnancy complications and 
these cardiometabolic endpoints.  The author contributions are presented below. 
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ABSTRACT 

Background: Pregnancy is increasingly recognized as a window to identify women at risk for 

cardiovascular disease.  Women with pregnancy complications have elevations in biomarkers of 

inflammation and insulin resistance in pregnancy, but studies of longer term effects of these 

complications are limited.   

Methods: Using data from the Maternal-Infant Research on Environmental Chemicals (MIREC) 

pregnancy cohort we investigated the association between hypertensive disorders in pregnancy 

(HDP) (n=36), or any pregnancy complication (n=56, preterm birth, HDP, impaired glucose 

tolerance or gestational diabetes mellitus), on maternal cardiometabolic health indicators 9 years 

postpartum compared to women who had uncomplicated pregnancies (n=187).   We used 

multivariable linear regression in the analysis. 

Results: From our adjusted linear regression results, participants with HDP during pregnancy 

had significantly higher systolic (mean difference 11.9 mm Hg, 95% CI 7.1, 16.7) and diastolic 

(6.0 mm Hg, 95% CI: 2.4, 9.6) blood pressure, and 32% (-14%, 104%) and 18% (-15%, 65%) 

higher high sensitivity-C-reactive protein (hsCRP) and leptin respectively, compared to 

participants with uncomplicated pregnancies. We also observed higher % body fat (mean 

difference 2.6%, 95% CI: 0.3%, 4.8%) and fasting plasma glucose (3.4 mg/dL 95% CI: 0.4, 6.4) 

in those who had at least one pregnancy complication, compared to those who had 

uncomplicated pregnancies.  

Conclusion: In this prospective study of mainly healthy and premenopausal participants who 

were 9 years post index pregnancy, those who experienced a pregnancy complication, or 

experienced HDP, had significant higher blood pressure values, while those who experienced 
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pregnancy complications also had significant elevations in percent body fat and plasma glucose 

compared to women who had uncomplicated pregnancies. 

 

 

 

Data Availability Statement: Due to data privacy issues, we are not able to make these data 

publicly available. Individuals may apply to access the data through the MIREC Biobank 

(www.mirec-canada.ca/en/research)  
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BACKGROUND 

Cardiovascular disease (CVD) is the leading cause of premature death in Canadian women 1.   

Women, especially younger (≤55 y) women, are more likely than men to die within the first year 

after an acute myocardial infarction 2.  Pregnancy is increasingly recognized as a window to 

identify women with future CVD risk as it is a natural equivalent to a physiological stress test 

causing structural and hemodynamic changes due to increased blood volume and cardiac output 

1,3,4.  Cardiac output increases by 20-50% starting as early as 5 weeks gestation and peaking in 

mid to late pregnancy 4.  These pregnancy changes along with the pattern of recovery 

approximately 2 weeks postpartum have been compared to the acute response and recovery 

observed during an exercise stress test 4.  If a woman has a pregnancy complication, such as a 

hypertensive disorder in pregnancy (HDP), preterm birth or gestational diabetes mellitus (GDM), 

but is otherwise considered healthy, she has ‘failed’ this ‘stress test’.   Each of these 

complications has been associated with nearly a two-fold increase in risk of CVD events later in 

life, including myocardial infarction, stroke, and cardiovascular death 5–8.  The risk is even 

higher among those with recurrence (recurring HDP) 9 or co-occurrence (e.g., preeclampsia and 

preterm birth) of these conditions 7.   

 

It has been hypothesized that these pregnancy complications may have a shared underlying 

mechanism; specifically, they are suspected to be a result of placental dysfunction due to 

increased inflammation followed by oxidative stress and mitochondrial dysfunction 3,8. 

Inflammation may also be a common mechanism underlying both HDP and CVD 10.  Several 

studies suggest that women who experience HDP experience more  risk factors for CVD in the 
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following years and decades, such as elevated blood pressure and dyslipidemia 11–13. High 

sensitivity C-reactive protein (hsCRP) is a systemic inflammatory marker and multiple studies 

support hsCRP as an independent predictor for incident Type II diabetes 14 and CVD 15,16. In 

addition, incorporating information about elevated hsCRP plus metabolic syndrome (a cluster of 

cardiovascular risk factors) improves the predictability of cardiovascular events by nearly 2-fold, 

compared to just metabolic syndrome alone 17,18.  Women who experience a HDP have been 

found to have elevated hsCRP eighteen 11, twenty 10 and thirty-two years 19 later, compared to 

women who experienced normotensive pregnancies.    

 

Insulin resistance progressively increases as pregnancy advances (peaking in the 3rd trimester) 

providing metabolic adaptation to the increasing glucose demands of the growing fetus 20.  

Adipocyte derived hormones such as adiponectin, leptin, tumour necrosis factor alpha (TNFα), 

interleukin-6 21 along with CRP 22,23 are thought to play a role in the development of insulin 

resistance in pregnancy 24 which can become exaggerated in women with HDP 25 and GDM 20.  

Studies suggest dysregulation of adipokines in women experiencing HDP 26 and GDM 27 

compared to women with uncomplicated pregnancies.  However, few studies have explored the 

long-term effect of pregnancy complications on these markers in the postpartum period 28,29.    

 

Thus, while it is established that women with pregnancy complications have a higher risk of 

CVD and type 2 diabetes later in life, few studies have investigated the effects of pregnancy 

complications on multiple biomarkers of cardiometabolic health in the same longer-term follow-

up period.  
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The objectives of this study are to examine the association between HDP (gestational 

hypertension or preeclampsia) and pregnancy complications combined (HDP, gestational 

diabetes or impaired glucose tolerance, and preterm birth) and cardiometabolic risk factors 

approximately 9 years.  The cardiometabolic risk factors include body fat percentage, weight 

gain, blood pressure, and concentrations of blood lipids, fasting glucose, CRP, leptin, and 

adiponectin.  

 

METHODS 

 Study Population 

The Maternal-Infant Research on Environmental Chemicals Study (MIREC) 30 is a cohort study 

that recruited 2001 pregnant women from ten geographically dispersed cities in Canada between 

2008 and 2011. Women were recruited through medical clinics (ultrasound, midwife and/or 

doctor’s clinics) during the first trimester of pregnancy (6 to <14 weeks).  Participants who gave 

informed consent scheduled visits in each trimester, at delivery and in the postpartum period (up 

to 10 weeks post delivery).   

 Pregnancy Complications 

Participants completed questionnaires about their obstetrical history, smoking status, 

sociodemographic factors, diet, health history and evolution of their index pregnancy.  In each 

trimester (60-13+6, 160-21+6, and 320-34+6 weeks) participants had their blood pressure measured 

using a sphygmomanometer, a urine sample tested for proteinuria and provided urine and blood 

specimens.  Two systolic (SBP) and diastolic (DBP) measurements were taken, 1 minute apart, 

and if they differed by more than 10 mmHg, a 3rd measurement was taken.  Medical chart 
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information was extracted throughout pregnancy and at delivery.  Gestational age was based on 

the date of last menstrual period or ultrasound if they differed by >7 days.  Gestational 

hypertension was defined as new onset hypertension (SBP ≥140 mmHg and/or DBP ≥90 mmHg) 

that develops after 20 weeks of pregnancy without proteinuria.   Preeclampsia was defined as 

new hypertension that develops after week 20 of pregnancy with proteinuria (protein dipstick test 

≥1+ or proteinuria ≥300 mg/24h or ≥0.3 g/L) or evidence of adverse conditions (abdominal right 

upper quadrant pain, headaches, visual disturbance, shortness of breath with Sp02 <95%, 

elevated creatinine) or complications (abruption placenta, disseminate intravascular coagulation, 

pulmonary edema, convulsions/eclampsia, stroke or coma, blood transfusion, elevated liver 

enzyme levels and or platelet count <50 x 109/L) 31.  Information on GDM and impaired glucose 

tolerance (IGT) were obtained through chart review of the results of the glucose challenge test 

and oral glucose tolerance test according to Canadian guidelines 32,33 and described in detail 

elsewhere 34 and in Supplemental (Table S1).  Preterm birth was defined as birth at <37 weeks 

gestation based on chart review 35.   

 Cardiometabolic Health Measures 

The MIREC parent-child cohort study has had a number of waves of follow-up since 2011, 

mainly focusing on the health of the child 36,37.   However, most recently in Phase I of our 

MIREC-Endocrine and Metabolic Function study (MIREC-ENDO) we invited mothers to a 

follow-up study to measure maternal cardiometabolic health outcomes (Supplemental Figure 

S1).    Consenting participants attended a clinic visit and completed a questionnaire that assessed 

their obstetrical history, smoking status, sociodemographics and stressful life events.  Height 

(Seca 217™ Stadiometer), weight and body fat percentage were measured (Tanita™ SC-240 

Scale).  Weight was measured twice and if the results differed by > 0.1 kg a 3rd measured was 
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obtained.  Body fat percentage was measured using the validated bioelectrical impedance 

analysis method 38,39 which measures body composition based on the rate at which a safe low-

level electrical current travels through the body – adipose tissues slows the rate of the electrical 

current given its greater resistance (impedance) than lean mass or water 40.  These measurements 

were most often made in the morning given women were also giving a fasting blood sample at 

the clinic visit. Healthy body fat percentage ranges from 23-33% 41. Blood pressure (OMRON, 

intelli sense HEM 742) was measured twice in the sitting position, 1 minute apart. If the 

measures differed by > 10 mm/Hg a 3rd measure was done. Participants also provided a fasting 

blood sample which was subsequently measured for glucose, cholesterol (low density lipoprotein 

(LDL), high-density lipoprotein (HDL), total cholesterol (TC), triglycerides (TG), high-

sensitivity C-reactive protein (hsCRP), leptin and adiponectin.  

Covariates 

We selected potential confounders using a Directed Acyclic Graph (DAG) 43,44 for those factors 

potentially associated with pregnancy complications and cardiometabolic risk factors but that 

were not conceptualized as intermediate variables (along the causal pathway) or colliders 

(common consequences) (Supplemental Figure S2). This included maternal age and pre-

pregnancy BMI as continuous variables and the following categorical variables: maternal 

income, education, parity, smoking status (ever vs. never), marital status (married vs. other - 

which included common-law, divorced, separated or single), education level (University degree 

vs less than this), household income (< or ≥ $100,000 CDN), and time spent walking in 

pregnancy in minutes/day (quartiles) and fasting status.  The sample was not sufficiently diverse 

to consider ethnicity as a covariate. Excess wight gain and breastfeeding were included in the 

descriptive analysis. Excess gestational weight gain (yes/no) was defined as weight gain greater 
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than the recommendation by the Institute of Medicine (IOM), which considers the pre-pregnancy 

BMI 45,46. Information on breastfeeding history was obtained at follow-up from the participants.  

Research Ethics 

The MIREC study and its follow-up study, MIREC-ENDO, received research ethics board 

approval at the MIREC  study coordinating center (CHU Ste-Justine in Montreal) and Health 

Canada, along with the other 10 study sites across Canada including: Children's and Women's 

Health (Vancouver), University of Alberta (Edmonton), Health Sciences Center and St-Boniface 

Hospital (Winnipeg), Mount Sinai Hospital (Toronto), McMaster University Medical Center 

(Hamilton), Sudbury Regional Hospital  (Sudbury), Kingston General Hospital (Kingston), The 

Ottawa Hospital (Ottawa), CHU Ste-Justine (Montreal), Jewish General Hospital (Montreal), 

IWK Health Centre (Halifax).  All participants provided informed consent for the study.   

Laboratory Analysis  

Fasting glucose, lipids and hsCRP were measured at the Advanced Research and Diagnostics 

Laboratory (ARDL) at the University of Minnesota using the Roche Cobas 6000 Chemistry 

analyzer (Roche Diagnostics, Indianapolis, IN 46250).  Glucose was measured in serum by the 

Roche hexokinase method (04404483 190 Glucose Reagent Pack, Roche Diagnostics, 

Indianapolis, IN 46250).  The lower limit of detection is 2 mg/dL. The normal sample volume is 

2 µL.  Total cholesterol was measured in serum using a cholesterol oxidase method (03039773 

190 Cholesterol Reagent Pack, Roche Diagnostics, Indianapolis, IN 46250) on a Roche Cobas 

6000 Chemistry Analyzer (Roche Diagnostics Corporation).  This method incorporates 

cholesterol esterase and perioxidase in the reagent and monitors cholesterol oxidation at 500 nm 

upon conversion of 4-aminoantipyrine to quinoneimine. The lower limit of detection is 3.86 
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mg/dL. The normal sample volume is 2 µL.  HDL-cholesterol was measured directly in serum 

using the Roche HDL-Cholesterol 3rd generation direct method  (07528566 190 HDL Reagent 

Pack, Roche Diagnostics, Indianapolis, IN 46250)  on a Roche Cobas 6000 Chemistry Analyzer.  

In this method, a magnesium/dextran sulfate solution is first added to the specimen to form 

water-soluble complexes with non-HDL cholesterol fractions.  The lower limit of detection is 3 

mg/dL.   The normal sample volume is 2.4 µL. Triglyceride (TG) were measured in serum using 

Triglyceride L reagent (20767107 322 Triglycerides Reagent Pack, Roche Diagnostics, 

Indianapolis, IN 46250) on the Roche cobas c502 chemistry analyzer. The lower limit of 

detection is 9 mg/dL.   The normal sample volume is 2 µL. LDL-cholesterol was calculated in 

plasma specimens having a triglyceride value <400 mg/dL using the formula of Friedewald LDL 

= TC - HDL - TG/5.0 (mg/dL) 42.    hsCRP was measured in serum using latex-particle enhanced 

immunotubidimetric assay kit (04628919 190 CRPhs Reagent Pack, Roche Diagnostics, 

Indianapolis, IN 46250) and read on the Roche Cobas 6000 Chemistry analyzer.  The normal 

sample volume is 6 µL.   A Bio-Rad® Bio-plex® Luminex® Human Premixed Multi-Analyte 

Kit (Catalog No. LXSAHM) was used to measure Leptin and adiponectin at the CHUQ lab in 

Quebec at the University of Laval with a Luminex® MAGPIX® Analyzer. 

Statistical Analysis 

We created a dichotomous composite risk factor variable called “pregnancy complications” and 

included those with a HDP (preeclampsia or gestational hypertension), preterm birth or GDM or 

IGT in the MIREC Index Pregnancy (Figure 1).   These specific complications were selected 

based on previous evidence indicating that preeclampsia, hypertension in pregnancy, gestational 

diabetes and preterm birth are associated with future cardiovascular disease 7,8; for other 

pregnancy complications and birth outcomes the evidence is less established 47.   
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We used multivariable linear regression to determine if pregnancy complications (all, and HDP 

only) were associated with each of the selected cardiometabolic outcomes measured at 

approximately nine years postpartum: body fat percentage, weight retention, SBP, DBP, fasting 

glucose, cholesterol (TC, LDL, HDL, TG), hsCRP, leptin and adiponectin.  The comparison 

group was uncomplicated pregnancies.  This included those participants who had no history of 

pregnancy complications (GDM, HDP or preterm birth) in the MIREC index pregnancy, 

pregnancies prior to MIREC (past pregnancies) or pregnancies after the MIREC index 

pregnancies (future pregnancies) (Supplemental Figure S3).    We took the average of the two 

closest measures for blood pressure, weight, height, and body fat percentage.  We assessed the 

pattern of missing covariate information by examining the distribution of our outcomes in those 

missing key covariate information and those with complete information (See Supplemental 

Tables S2).  We removed outliers in our adjusted models (3*IQR).  Outliers included weight 

retention lost > -23 kg (n=1); glucose >136 mg/dL (n=2); LDL >216 mg/dL (n=1); TG >259 

mg/dL (n=2); CRP >11 mg/L (n=5).  We assumed this information was missing at random and 

used Multiple Imputation using Chained Equations (MICE) 48 to impute missing covariate 

information (m=50 datasets) using SAS PROC MI. We log transformed those outcomes with 

highly skewed distributions (TC, LDL, HDL, TG, CRP, leptin and adiponectin) upon visual 

inspection to approximate normality.  For those outcomes, we expressed the beta estimates as a 

percent change [(e β − 1) x 100] for those with a pregnancy complication verses uncomplicated 

pregnancies. In sensitivity analyses we examined the effect of additional adjustment for excess 

weight gain in the multivariable models, and we examined the association between recurrent 

pregnancy complications (Supplemental Figure S3) and cardiometabolic health.  Assumptions of 
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homoskedasticity and normality were assessed using residual plots.  All statistical analyses were 

performed using SAS Enterprise Guide 7.15 (SAS Institute Inc., Cary, NC 2017).   

 

RESULTS 

Study Population 

Of 2001 participants who consented to the original MIREC study, 77% (n=1539) provided 

consent to be contacted for future research, 1103 (72% of 1539) were contacted, and just over 

half (53%) of this group (n=590) agreed to participate in the MIREC-ENDO study. This follow-

up study consisted of a Clinic Visit or an at Home Adaptation, due to Covid-19 restrictions (See 

Supplemental Figure S1).  A total of 310 mothers completed a MIREC ENDO Clinic Visit of 

which three did not provide blood samples, three were currently pregnant, four had a history of 

chronic hypertension (HTN), and another seven had a diagnosis of diabetes prior to enrollment in 

the MIREC study leaving a total of 293 participants.  There were 56 participants who 

experienced a pregnancy complication (HDP, preterm birth, GDM/IGT), 36 who had a HDP in 

the MIREC index pregnancy and 184 participants who had uncomplicated pregnancies (Figure 

1).   

Participant Characteristics 

The participants in this study reported that they were mostly pre-menopausal (~60%) at the time 

of the MIREC-ENDO follow-up with a mean age of close to 42 years (Tables 1, Table 2, 

Supplemental Table S3).  Participants with a pregnancy complication or with HDP tended to be 

of lower income, were less educated, and more likely to be overweight or obese prior to the 

MIREC birth and gained excess weight during the MIREC index pregnancy.  44% of women 

who developed a HDP were obese versus only 8% of those with uncomplicated pregnancies 
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according to BMI.  A large portion of participants who developed a pregnancy complication or 

HDP (68% and 76% respectively) gained excess weight 49 during the MIREC index pregnancy 

compared to only 51% of those with an uncomplicated pregnancy.  Women with a pregnancy 

complication (57%) or HDP (53%) tended to be pregnant with a male baby more often during the 

MIREC index pregnancy versus those who had uncomplicated pregnancies (40% male).   

Descriptive Analysis 

At follow-up, those who developed HDP during the MIREC index pregnancy had a body fat 

percentage in the obese range (>39%), on average, while those with uncomplicated pregnancies 

were in the “healthy range” between 23-33% (Table 2).  At follow-up, average and median 

fasting blood glucose, blood pressure and lipid measures all fell within the normal ranges. 

However, mean values were higher (or lower in the case of HDL cholesterol) among those with 

HDP or pregnancy complications.   Median hsCRP concentrations at follow-up were close to the 

recommended cut-off of 3 mg/L in those with pregnancy complications or HDP in the MIREC 

index pregnancy whereas participants with no history of pregnancy complications had median 

hsCRP concentrations below 1 mg/L.  Leptin concentrations tended to be higher among those 

with pregnancy complications however adiponectin levels appeared similar across groups.  

Multivariate Analysis 

  Systolic and Diastolic Blood Pressure 

In the multivariable analysis, for women with a HDP in the MIREC Index pregnancy, both the 

mean SBP and mean DBP were higher at follow-up than among those with uncomplicated 

pregnancies (Mean Differences: SBP 11.92 mmHg, 95% CI: 7.14, 16.70; DBP: 6.03 mmHg, 

95% CI:2.42, 9.63) (Table 3).  When examining the dichotomous composite exposure variable - 

‘any pregnancy complication’, the results were somewhat attenuated but mean blood pressure 
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measures remained higher in the exposed group (Mean Differences: SBP 8.96 mmHg, 95% CI: 

5.13, 12.80; DBP 5.47 mmHg, 95% CI: 2.57, 8.36) (Table 3).   

 Body Fat Percentage and Weight Retention 

Body fat percentage was an average of 2.5% (95% CI: -0.4, 5.38) and 2.6% (95% CI: 0.28, 4.82) 

higher in those who had a HDP or any pregnancy complication in the MIREC Index pregnancy 

respectively, relative to those with no history of pregnancy complications.  Body fat percentage 

was even more elevated (3.6%, 95% CI: 0.2%, 7.0%) in those participants reporting a recurrent 

pregnancy complication compared to uncomplicated pregnancies (Supplemental Table S4).  We 

did not see any evidence for an association between pregnancy complications and weight 

retention, except for a borderline association with recurrent pregnancy complications 

(Supplemental Table S4).  Those who reported a recurrent pregnancy complication were on 

average 2.8 kg (95% CI: -0.8 kg, 6.3 kg) heavier than their pre-pregnancy weight 9 years earlier 

compared to those participants who reported uncomplicated pregnancies.   

 Plasma Glucose 

Fasting plasma glucose at follow-up was elevated among those with any pregnancy complication 

at baseline (3.40 mg/dL 95% CI: 0.38, 6.41) or with recurrent pregnancy complications 

(Supplemental Table S4) compared to those who had uncomplicated pregnancies.   

 Lipids 

The point estimates for TC, LDL and TG were elevated but statistically insignificant in women 

with HDP or a pregnancy complication in the MIREC index pregnancy compared to those with 

uncomplicated pregnancies.   
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 C-Reactive Protein 

The mean hsCRP value was higher among women with HDP (32% higher), pregnancy 

complications (26% higher) or recurrent pregnancy complications (41% higher) compared to 

women with uncomplicated pregnancies however these estimates had wide confidence intervals 

ranging from a small negative percent change to a large positive percent change.   

 Leptin and adiponectin 

Leptin levels were 18% and 21% higher in participants with HDP and pregnancy complications, 

respectively, compared to participants who had uncomplicated pregnancies, but the estimated 

associations were similarly imprecise (Table 3).  Those with recurrent pregnancy complication 

showed even higher leptin concentrations (53%, 95% CI: 2.7%, 129%) compared to 

uncomplicated pregnancies and lower adiponectin (-12%, 95% CI: -22.7%, 0.1%) (Supplemental 

Table S4).   

 Sensitivity Analysis 

Additional adjustment for excess weight gain, or the removal of those on hypertensive 

medication or taking hypoglycemic agents did not appreciably change the results (Supplemental 

Table S5-S6).   

 

DISCUSSION 

In this cohort of mainly pre-menopausal women, we found that women who had a HDP or any 

pregnancy complication (preterm birth, HDP and/or GDM or IGT) had, on average, higher levels 

of systolic and diastolic blood pressure 9 years later compared to women who had uncomplicated 

pregnancies (Table 3).   We also observed that body fat percentage was on average higher in 

women with a history of a HDP, any pregnancy complication (preterm birth, GDM/IGT, or 



 

Chapter 4  149 
 

HDP) or a recurrent pregnancy complication compared to women who had uncomplicated 

pregnancies. These associations were substantially unchanged after controlling for important 

potential confounding variables, including pre-pregnancy BMI.  We also observed elevations in 

fasting glucose and markers of inflammation and insulin resistance at follow-up among 

participants with baseline pregnancy complications.  

 

Blood pressure has been shown to be one of the most modifiable risk factors for CVD 50. Similar 

to other authors 11,12,51 we found elevations in both systolic and diastolic blood pressure among 

women with a history any pregnancy complication (HDP, GDM/IGT, and/or preterm birth) or 

specifically HDP.  Several studies have reported a higher risk of hypertension or cardiovascular-

related morbidity in the years following a HDP, gestational diabetes or preterm birth 6–8,11.  A 

recent meta-analysis of 38 studies 13 found a combined elevation of  8.3 mmHg (95%: 6.8, 9.7) 

and 6.8 mmHg (95% CI: 5.6, 8.0) in SBP and DBP respectively following a 

preeclampsia/eclampsia.    Importantly, elevations in blood pressure including pre-hypertension 

or hypertension in mid-life has been shown to increase lifetime risk for CVD including heart 

attack or stroke 50.  

 

We observed that women with a history of a pregnancy complication or recurrent pregnancy 

complications had a higher body fat percentage 9 years later.  The consequences of this could be 

far reaching.  Body fat percentage has been linked to Type II diabetes 52 and fat-to-muscle ratio 

with Coronary Artery Disease 53.  That we observed these changes even after controlling for pre-

pregnancy BMI raises questions as to whether pregnancy complications themselves are 
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associated with long-term metabolic changes, independent of existing pre-pregnancy risk.  In a 

sensitivity analysis we additionally adjusted for excess weight gain in pregnancy and found little 

change in the estimates (Supplemental Table S5).  Few studies have examined the long-term 

implications of pregnancy complications on body composition. McLennon et al. 54 conducted a 

full metabolic study 6.7 months postpartum among 22 women who had preeclampsia and 75 

normotensive women.  Women with a history of preeclampsia had a higher BMI and fat mass 

percentage (40.7 ± 7.4) at 6 months postpartum compared to normotensive women (34.9 ± 8.1) 

but this study did not control for pre-pregnancy BMI.  That study identified evidence of a more 

sedentary lifestyle in women with previous preeclampsia, indicating a role for pre-pregnancy 

risk.   

 

Our point estimates suggested elevated levels of leptin and lower levels of adiponectin at follow-

up among participants who experienced a HDP or a pregnancy complication during the MIREC 

index pregnancy versus those who had uncomplicated pregnancies, although estimated 

associations were imprecise.  The association with adiponectin was stronger among those who 

had a recurrent pregnancy complication; this group had 12% lower adiponectin concentrations on 

average (β=-12.0%, 95% CI:-22.7%, 0.01%) compared to those who had uncomplicated 

pregnancies.  Leptin is synthesized mainly by white adipocyte tissues and plays a large role in 

appetite control 21.  It is also highly expressed in the placenta 55.  Women with gestational 

diabetes mellitus 55,56 and preeclampsia show elevations in leptin in the 3rd trimester 57.  

Adiponectin is a protein which is product of adipose tissue and has insulin-sensitizing, anti-

inflammatory and antiatherogenic activity 28.  Studies suggest that lower adiponectin levels are 

associated with GDM and preeclampsia 24,26,58 but few studies have examined levels in the 
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postpartum period.   Boyadzhieva  et al. 28 found reduced adiponectin levels in participants who 

had GDM and this was maintained into the early postpartum period (8 weeks)28. In a prospective 

study, Girouard et al.29 observed higher leptin and lower adiponectin at approximately 8 years 

(range 5-13 years) after the index pregnancy in participants who had a HDP.   These alterations 

in leptin and adiponectin may contribute to future insulin resistance.     

 

Fasting plasma glucose concentrations were somewhat elevated, with the strongest association 

being for those who had any pregnancy complication compared to those with uncomplicated 

pregnancies.  The direction of this association is in agreement with a number of studies showing 

fasting glucose elevations in the years following preeclampsia/eclampsia 13, and GDM 59,60. The 

point estimates for lipid levels were elevated for TC, LDL and TG, but the 95% confidence 

interval did not exclude the null effect.   Elevated levels of LDL and TG are risk factors for the 

initiation and progression of atherosclerosis leading to hypertension and CVD 61,62.   In a meta-

analysis of 29 studies, TC was higher and HDL cholesterol was lower in women with a previous 

history of preeclampsia/eclampsia; while 24 studies showed elevations in LDL cholesterol 

among these women compared to normotensive pregnancies 13.   

 

We found elevated hsCRP approximately 9 years later among participants with HDP compared 

to those with uncomplicated pregnancies.  However, the confidence intervals were wide and 

crossed the null.  hsCRP has been deemed a robust biomarker of chronic systemic inflammation 

and a risk marker for CVD and insulin resistance 63,64.   Studies suggest that levels above 3 mg/L 

put people at higher risk of cardiovascular events 65.   hsCRP also has relatively high within 
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person reproducibility over time compared to other markers, even though it can increase acutely 

during an infection or ischemic stress 19.   A number of studies show elevations in hsCRP in 

women with pregnancy complications 58,66 however, fewer studies have explored the long-term 

impact of pregnancy complications on hsCRP concentrations in the following decade.    A recent 

meta-analysis of 11 studies comparing post-pregnancy hsCRP concentrations among women 

who experienced preeclampsia/eclampsia relative to those with normotensive pregnancies found 

these women had slightly higher hsCRP levels; however the follow-up time ranged from 1 to 32 

years across the studies 13.  Studies that examined women more than a decade after HDP show 

elevations of hsCRP at eighteen 11 and twenty 10 and thirty 19 years post index pregnancy.  The 

Genetic Epidemiology Network of Arteriopathy followed up 405 women with a  self-reported 

history of a hypertensive disorder in pregnancy and 1800 normotensive pregnancy women at a 

median age of 61 years and found that those who had a HDP had a higher odds of elevated 

hsCRP (>3 mg/L) compared to those with  normotensive pregnancies 67.    In a nested case-

control study only 8 years post-delivery, Girouard et al. 29 found higher hsCRP concentrations in 

168 women who had hypertension in pregnancy and 168 controls (matched for age and year of 

delivery of index pregnancy).  Other studies have not seen strong elevations in participants with 

preeclampsia within the first year 68, or decade 51,69,70 following the index pregnancy or more 

than 2 decades later 71.   Inconsistencies across these studies may be due to the varying follow-up 

times and inclusion of both pre- and post-menopausal women.   
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Strengths and Limitations 

A strength of this study is that it is a prospective cohort study that directly measured and 

collected health information in pregnancy (e.g. measured blood pressure during pregnancy and 

proteinuria) and at follow-up.  A number of key covariates including pre-pregnancy BMI were 

well documented.  We did not have measures of body composition in the pre-pregnancy period.  

We did not have information on family history of CVD among 1st degree relatives in our study 

which is needed to calculate the Framingham Risk Score. For individuals between the ages of 

30-59 (without a diagnosis of diabetes), the presence of premature CVD in a first degree relative 

increases that individual’s Framingham Risk Score by 2 fold 61.  Finally, our study is limited by 

its modest sample size which affected the precision of our estimates.  Also, the MIREC 

participants are mainly of high socioeconomic status and limited diversity with most self-

identifying as ‘white’ ethnicity making our result non-generalizable to the Canadian population.  

However, de facto restrictions of this nature may reduce residual confounding.   Finally, we only 

have 1 time point of our cardiometabolic measures post pregnancy.  

Conclusions 

In this prospective study of mainly healthy pre-menopausal women, we found elevations in 

blood pressure, body fat percentage, and markers of inflammation and insulin resistance 9 years 

post index pregnancy in women who experienced a pregnancy complication, or specifically a 

HDP compared to women who had uncomplicated pregnancies.   We suggest, given the 

imprecision of many of our estimates, that larger studies explore the long-term impact of 

pregnancy complications on body composition and markers of inflammation and insulin 

resistance.   
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Table 1: Participant Characteristics and Pregnancy Complications in the MIREC Index 
Pregnancy vs Uncomplicated Pregnancies 

Characteristic Values 

 
Pregnancy 
Complication 
(Preterm, GDM 
or IGT, or HDP) in 
MIREC Index 
(n=56) 

HDP in 
MIREC 
Index 
(n=36) 
  

Uncomplicated 
(n=187): MIREC 
Index, past or 
future 

    n % n % n % 

Household Income 
  

< $100,000 CDN 40 73 26 74 96 52 

≥ $100,000 CDN 15 27 9 26 87 48 

Education 
  

Less than University Degree 23 41 16 44 46 25 

University Degree 33 59 20 56 141 75 

Marital 
  

Married 35 63 20 56 130 70 

Other – mainly common-law 21 38 16 44 57 30 

Born in Canada 
  

yes 48 86 34 94 163 87 

no 8 14 2 6 24 13 

Ethnicity 
  

other 4 8 2 6 6 3 

white 49 92 33 94 174 97 

Smoking  
  

never 36 64 23 64 124 66 

ever in life* 20 36 13 36 63 34 

Parity 
  

0 24 43 19 53 92 49 

1+ 32 57 17 47 95 51 

Sex at birth (infant) 
  

0 - Male 32 57 19 53 75 40 

1 - Female 24 43 17 47 112 60 

Walking in pregnancy 
 
  

<30 minutes per day 14 25 8 22 47 25 

30 to <60 minutes per day 13 23 9 25 55 30 

60 to <120 minutes per day 12 21 9 25 30 16 

≥120 minutes per day 17 30 10 28 54 29 

Pre-pregnancy BMI 
  
  

underweight/normal 21 40 10 29 124 70 

overweight 14 26 9 26 38 21 

obese 18 34 15 44 15 8 

Singleton Pregnancy yes 52 93 34 94 187 100 

no 4 7 2 6 0 0 

Extra weight gain in 
pregnancy according to 

the IOM guidelines 

no 17 32 8 24 86 49 

Yes 
 
  

36 68 26 76 91 51 

Pre 34 62 21 60 111 59 
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*very few current smokers so current smokers were combined with former smokers.  
**collected at follow-up (MIREC-ENDO); based on all pregnancies. 
Note: Only 4% of the sample reported that they were post-menopausal.  

 

Menopausal Status at 
follow-up (ENDO) – self 
reported  

Peri/Post 12 22 7 20 33 18 

Other 9 16 7 20 43 23 

Breastfeeding history 
(total)** 
  

< 6 months of breastfeeding 25 52 14 48 63 40 

≥ 6 months of breastfeeding 
23 48 15 52 93 60 
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Table 2: Distribution of continuous characteristics and cardiometabolic outcomes among participants 

Participant 
Characteristics Units 

 
Pregnancy Complications Hypertensive Disorders in 

Pregnancy (HDP) 

 
Uncomplicated Pregnancies 

(n=187) 

 
Reference Ranges (when 

available)* 

   mean (SD) median (IQR) mean (SD) median (IQR) mean (SD) median (IQR)  

Age at enrollment y 32 (4.7) 32 (7) 32 (5.2) 32 (8) 33 (4.4) 32 (7)  

Age at follow-up y 42 (8.5) 41 (9) 43 (5.4) 41 (9) 42 (4.7) 41 (8)  

Time gap between 
visits 

y 9.5 (0.9) 9.0 (1.0) 9.5 (0.8) 9.0 (1.0) 9.4 (0.8) 9.0 (1.0) 
 

Pre-pregnancy BMI  
MIREC (self-report) 

kg/m2 27.6 (6.6) 26.3 (9.4) 28.6 (6.5) 28.3 (9.4) 23.9 (4.1) 23.0 (4.8) 
18.5–24.9 = normalb 
25.0–29.9 = overweight/pre-obese 
30.0 and over = obese 

Pre-pregnancy weight 
(self-report) 

kg  74.3 (19.2) 70 (20.4) 78.0 (19.2) 75.3 (21.8) 66.0 (12.9) 63.5 (15.0) 
 

Gestational weight 
gain (MIREC INDEX) 

kg 16.1 (6.9) 15.2 (7.6) 16.9 (7.6) 15.8 (9.1) 15.4 (5.4) 15.1 (5.7) 
 

BMI at follow-up 
(measured) 

kg/m2 29.7 (6.8) 28.4 (9.4) 30.8 (6.8) 31.7 (8.4) 25.5 (5.35) 24.5 (6.4) 
18.5–24.9 = normal 
25.0–29.9 = Overweight/Pre-obese 
30.0 and over = Obese 

Weight at follow-up 
(measured) 

kg 80.8 (21.1) 79.5 (22.1) 85.3 (22.2) 83.6 (23.8) 71.1 (15.7) 68 (18.3) 
 

Weight retention at 
follow-up 

kg 5.7 (10.7) 6.3 (8.9) 4.8 (12.2) 6.6 (8.3) 4.5 (7.1) 3.0 (8.0) 
 

 

Body Fat Percentage at 
follow-up  

% 38.2 (7.7) 39.5 (11.2) 39.8 (7.4) 40.9 (9.3) 32.8 (8.4) 32.6 (11) 

For 40-59 yrs 
<23 “underfat” 
23-33 healthy range 
34-39 “overfat” 
>39% obesed 

 

Fasting Glucose at 
follow-up 

mg/dL 96.9 (20.4) 90.5 (17) 95.2 (19.1) 90 (18) 88.4 (8.7) 88 (11) 
Fasting: 70-110 mg/dla 

 

Systolic BP at follow-up mm/Hg 123.2 (15.8) 119 (20) 127.4 (16.3) 126.5 (22) 111.4 (11) 110.5 (11) >135 mmHg (Stage 1 HTN)e  

Diastolic BP at follow-
up 

mm/Hg 84.0 (10.4) 84 (13.5) 85.9 (10.4) 85 (14) 76.1 (9.9) 75 (11) 
>85 mmHg (Stage 1 HTN) e  

Total Cholesterol at 
follow-up 

mg/dL 185.4 (32.7) 180 (36) 188.8 (27.3) 183 (26) 176.0 (34.6) 168.5 (43) 
<200 mg/dLa  
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LDL Cholesterol at 
follow-up 

mg/dL 105.7 (29.3) 102.7 (33.7) 107.9 (27.2) 109.5 (35.2) 96.9 (29.0) 89.4 (30.4) 
<130 mg/dLa; <135mg/dL (3.5 
mmol/L)f  

 

HDL Cholesterol at 
follow-up 

mg/dL 58.2 (15.0) 55.4 (21.7) 57.8 (16.2) 51.9 (26.2) 62.0 (13.3) 61.1 (18.7) 
>35 mg/dLa  

Triglycerides at follow-
up 

mg/dL 108.7 (75.6) 82 (91) 118.3 (85.0) 99.5 (92) 85.5 (42.5) 73.5 (44) 
40-150 mg/dLa  

High sensitivity C-
reactive Protein 
(hsCRP)  at follow-up mg/L 

3.9 (5.9) 2.5 (4.1) 3.6 (3.7) 2.8 (3.3) 2.1 (2.8) 0.8 (2.2) 
≤ 3 mg/L 

 

Leptin at follow-up  ng/mL 26.6 (20.5) 24.3 (23.4) 27.5 (18.8) 25.0 (25.3) 16.3 (13.2) 12.5 (15.0)   

Adiponectin at follow-
up  ng/mL 

12.3 (4.4) 11.5 (4.8) 12.6 (4.7) 12 (4.1) 13.0 (3.2) 12.8 (4.3) 
  

*References:  

aRoyal College of Physicians and Surgeons.  Clinical Laboratory Tests, reference values. TMCE 07- 2017 
b https://www.canada.ca/en/health-canada/services/food-nutrition/healthy-eating/healthy-weights/canadian-guidelines-body-weight-classification-adults/questions-answers-public.html#a2 
c Rakhmat, I. I. et al. Cardiometabolic risk factors in adults with normal weight obesity: A systematic review and meta‐analysis. Clin. Obes. 12, (2022).  
dTanita Scale Manual. Body Composition Analyzer. Sc-240/SC-240IM Instruction Manual. Based on Gallagher et al.  2000.  Healthy percentage body fat ranges: an approach for development 
guidelines based on body mass index. Am J Clin Nutr. 72: 694-701 
e Musameh, M., Tomaszewski, M., Williams, B.  Hypertension  - a clinical update for physicians. Clinical Medicine Journal.  April 2013.  https://doi.org/10.7861/clinmedicine.13-2-182 
f Pearson, G. J. et al. 2021 Canadian Cardiovascular Society Guidelines for the Management of Dyslipidemia for the Prevention of Cardiovascular Disease in Adults. Can. J. Cardiol. 37, 1129–1150 
(2021). 

  

https://www.canada.ca/en/health-canada/services/food-nutrition/healthy-eating/healthy-weights/canadian-guidelines-body-weight-classification-adults/questions-answers-public.html#a2
https://doi.org/10.7861/clinmedicine.13-2-182
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Table 3: Multivariable Linear Regression: change in outcome in those with Hypertensive Disorders in Pregnancy (HDP, n=36) and those with 
pregnancy complications (n=56) vs those who had uncomplicated pregnancies (n=187) 

  

Hypertensive Disorders in Pregnancy 
(HDP) only 

Pregnancy Complications (HDP, preterm, IGT 
or GDM) 

OUTCOME  MODEL β Estimate LCI UCI β Estimate LCI UCI 

Body Fat Percentage (%) Crude 6.99 3.74 10.24 5.39 2.71 8.07 

 Adjusted 2.48 -0.43 5.38 2.55 0.28 4.82 

Systolic BP (mmHg) Crude 16.01 11.35 20.66 11.83 7.88 15.77 

 Adjusted 11.92 7.14 16.70 8.96 5.13 12.80 

Diastolic BP (mmHg) Crude 9.77 6.27 13.28 7.93 4.99 10.88 

 Adjusted 6.03 2.42 9.63 5.47 2.57 8.36 

Weight retention (kg) Crude 0.35 -2.84 3.54 1.22 -1.41 3.85 

 Adjusted 0.15 -3.33 3.64 1.11 -1.68 3.90 

 Adjusted2a 0.15 -3.33 3.64 1.11 -1.68 3.90 

Glucose (mg/dL) Crude 6.76 2.73 10.79 8.52 4.72 12.32 

 Adjusted 4.06 -0.14 8.27 5.63 1.84 9.43 

 Adjusted2 a 1.84 -1.73 5.42 3.40 0.38 6.41 

Log Transformed Outcomesb    %change %LCU %UCI %change %LCU %UCI 

Total Cholesterol Crude 8.1 1.2 15.3 5.7 0.0 11.7 

 Adjusted 5.3 -1.8 12.9 3.9 -1.8 10.0 

LDL Cholesterol Crude 12.4 1.4 24.5 9.7 0.7 19.5 

 Adjusted 5.1 -5.7 17.1 5.0 -3.6 14.5 

 Adjusted2 a 5.7 -4.9 17.5 5.5 -3.0 14.8 

HDL Cholesterol Crude -8.1 -15.4 -0.2 -7.0 -13.2 -0.4 

 Adjusted 0.5 -7.7 9.5 -0.1 -6.6 6.9 

Triglycerides Crude 27.9 7.9 51.6 17.9 1.9 36.4 

 Adjusted 9.1 -8.8 30.6 2.9 -10.9 19.0 

 Adjusted 2 a 6.2 -10.7 26.2 1.4 -11.8 16.6 

C-Reactive Protein Crude 102.6 32.1 210.8 82.4 26.3 163.3 

 Adjusted 36.9 -11.4 111.5 28.2 -10.1 82.9 
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 Adjusted2 a 32.0 -14.6 104.0 26.2 -11.6 80.0 

Leptin Crude 78.5 28.2 148.6 63.5 23.6 116.3 

 Adjusted 18.3 -15.0 64.8 20.5 -7.6 57.1 

Adiponectin Crude -5.2 -14.1 4.6 -7.2 -14.6 0.8 

 Adjusted -2.6 -12.7 8.6 -4.5 -12.6 4.3 
MICE imputation for missing covariate information (m=50 times) 
adjusted for: maternal age, pre-pregnancy BMI, parity, smoking status, marital status, education level, income, time spent walking in pregnancy, fasting status 
 

a. removal of outliers (3*IQR; upper or lower)  
Outlier details: 
weight retention lost > -23 kg, (n=1) 
glucose >136 mg/dL (n=2) 
LDL >216 mg/dL (n=1) 
TG >259 mg/dL(n=2) 
CRP >11 mg/L (n=5) 

b. Log-transformed because of skewed distribution.  Estimates expressed as percent change in those with HDP or Pregnancy complications verses 
uncomplicated pregnancies.  (e β − 1) x 100 
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Figure 1: Study Flow Diagram MIREC-ENDO  

 

 

50 participants were excluded from the main analysis because they had self-reported pregnancy complication prior to (n=27) or after (n=14) the MIREC index 
pregnancy but not in the MIREC Index pregnancy and therefore not considered in the “Uncomplicated pregnancies”; or they were missing pregnancy 
complication information in the MIREC Index pregnancy (n=9) (See Supplemental Figure S3). 
1 person who had GDM also developed chronic HTN and is included in the “Any Pregnancy Complication” group but excluded from the Hypertensive Disorders 
in Pregnancy (HDP) group. 
Note: 187 (uncomplicated)+56 (pregnancy complications)+50 (described above)=293 
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Figure 2: Percent change in cardiometabolic measure 9 years postpartum for participants who 
experienced a hypertensive disorder in pregnancy (HDP) or a pregnancy complication (Preg 
Comp) in the MIREC index pregnancy verses those that had uncomplicated pregnancies. 

 

Estimates expressed as percent change in those with HDP or Pregnancy complications versus 
uncomplicated pregnancies  (e β − 1) x 100; CRP=high sensitivity C-reactive protein; LDL=low 
density lipoprotein; HDL=high density lipoprotein; TC=total cholesterol; TG=triglycerides 
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The Association Between Pregnancy Complications with Long-Term Maternal 

Cardiometabolic Health in the MIREC Cohort Study. 
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Table S1: Criteria for Gestational Diabetes and Impaired Glucose Tolerance. 

Table S2:  Missing Covariate Data Description 

Table S3: Further Description of Cases 

Table S4:  Sensitivity Analysis: Multivariable Linear Regression: average change in outcome in those with 

Recurrent Pregnancy Complications (n=19) vs those who had uncomplicated pregnancies (n=187) 

Table S5:  Sensitivity Analysis: Multivariable Models for the association between Hypertensive Disorders 

in Pregnancy (HDP), and Pregnancy Complications (HDP, preterm or Gestational Diabetes/Impaired 

Glucose Tolerance) with additional covariate adjustment (excess weight gain). 

Table S6:  Sensitivity Analysis: Multivariable Models for the association between Hypertensive Disorders 

in Pregnancy (HDP),  and Pregnancy Complications (HDP, preterm or Gestational Diabetes/Impaired 

Glucose Tolerance) with the removal of those on hypertensive medication at follow-up 

 

Figure S1: MIREC ENDO Study Participation  

Figure S2: Directed Acyclic Graph (DAG) for Pregnancy Complications and Cardiometabolic Risk Factors 

Figure S3: Timing of Pregnancy Complications in the MIREC Cohort (Preterm Birth, HDP, IGT or GDM) 

Figure S4: Timing of Hypertensive Disorders in Pregnancy 
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Table SI:   Criteria for Gestational Diabetes Mellitus (GDM) and Impaired Glucose Tolerance (IGT).  

 

75g OGTT 100g OGTT 

 fasting glucose ≥5.3 mmol/L,  

 1-hour glucose ≥10.6 mmol/L  

 2-hour glucose ≥ 8.9 mmol/L  

 fasting glucose ≥5.8 mmol/L,  

 1-hour glucose ≥10.6 mmol/L  

 2-hour glucose ≥ 9.2 mmol/L  

 3-hour glucose ≥8.0 mmol/L 

If 2 or more of these values are met or exceeded, diagnosis of GDM is made.  

If 1 of these values is met or exceeded, then a diagnosis of IGT is made. 

 

Berger, H., Crane, J. & Farine, D. Screening for Gestational Diabetes Mellitus. J. Obstet. Gynaecol. 
Canada 25, 96 (2003). 

Canadian Diabetes Association. Canadian Diabetes Association Clinical Practice Guidelines Expert 
Committee, 2008. Can J. Diabetes 32, S1–S201 (2008). 
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Table S2:  Characteristics of those with missing key variables 

 

 mean geometric mean 

 

not 
missing missing 

not 
missing missing 

Outcome     
Systolic BP (mmHg) 114.4 115.2 113.3 114.4 

Diastolic BP (mmHg) 77.9 79.4 77.5 79.0 

Body Fat Percentage 34.0 35.3 32.8 34.1 

Fasting glucose 90.9 88.9 90.0 88.2 

Total Cholesterol 178.9 161.0 175.9 159.2 

LDL-Cholesterol 99.6 80.9 95.6 76.7 

HDL-Cholesterol 61.3 61.3 59.7 59.7 

Triglycerides 90.6 94.1 80.6 82.3 

C-reactive Protein 2.4 2.6 1.2 1.0 

Leptin 18.4 19.1 12.9 14.6 

Adiponectin 13.0 12.3 12.6 11.6 
 

Missing category (n=34 participants) =missing one of key covariates used in analysis (income, fasting 

status, pre-pregnancy BMI, extra weight (excess weight gain).  The highest percent missing was for 

breastfeeding history.  This variable was only used in the descriptive analysis but not in the modeling.  

Pre-pregnancy BMI and excess weight gain had slightly higher than 5% missing.  We assumed the data 

was Missing at Random (MAR).  
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Table S3: Further Description of participants 

*12 participants who did not have any pregnancy complications in the MIREC Index Pregnancy did not 

have information on past or future pregnancy complications.   

 

 

Characteristic 

 

Hypertensive 
Disorders in 

Pregnancy (HDP) 

Any Pregnancy 
Complication 

Uncomplicated 
Pregnancies 

n=36 n=56 n=187 
n % n % n % 

Assisted Reproductive 
Technology (ART) 

no 35 97 53 95 173 93 

(MIREC INDEX Pregnancy)  yes 1 3 3 5 14 7 
Future pregnancy 
complication: after MIREC 
INDEX no 

27 84 43 84 175* 100 

(GestHTN, PE or GD, Preterm 
singleton) yes 

5 16 8 16 0 0 

Past Pregnancy complications 
(prior to MIREC INDEX) no 

24 75 36 71 175* 100 

(GestHTN, PE or GD, Preterm 
singleton) yes 

8 25 15 29 0 0 

Family Hx of HTN in 
pregnancy no 

30 83 47 84 169 90 

(collected at baseline - 
MIREC) yes 

6 17 9 16 18 10 

High Blood Pressure no 33 94 51 93 184 98 
(collected at follow-up - 
ENDO) yes 

2 6 4 7 3 2 

If yes, do you take medication yes 1 3 3 5 1 <1 
  No 1 3 1 2 2 <1 
Diabetes at follow-up no 32 91 51 93 187 100 
(collected in ENDO 9 years 
postpartum) yes 

3 9 4 7 0 0 

  Type I 0 0 0 0 0  
  Type II 3 9 4 7 0  
If yes, do you take medication 

for your Diabetes        

  

Take 
Hypoglycemic 

agents 2  3 6   
  Take Insulin 0  0 0   
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Table S4:  Sensitivity Analysis: Multivariable Linear Regression: average change in outcome in those with 

Recurrent Pregnancy Complications (n=19) vs those who had uncomplicated pregnancies (n=187) 

 

 Outcome Model β Estimate LCI UCI 

Body fat % Crude 6.43 2.36 10.49 

 Adjusted 3.62 0.21 7.04 

Systolic BP Crude 12.66 6.64 18.68 

 Adjusted 11.18 5.32 17.03 

Diastolic BP Crude 10.51 5.96 15.06 

 Adjusted 8.67 4.22 13.11 

Weight Retention Crude 3.43 0.04 6.82 

 Adjusted 2.76 -0.80 6.33 

 Adjusted2* 2.76 -0.80 6.33 

Glucose Crude 12.09 6.72 17.45 

 Adjusted 9.71 4.34 15.09 

 Adjusted2* 4.95 0.26 9.64 

    %change %LCI %UCI 

Total Cholesterol Crude 3.22 -5.29 12.50 

 Adjusted 3.01 -5.66 12.48 

LDL Cholesterol Crude 8.40 -5.07 23.78 

 Adjusted 5.76 -7.50 20.93 

 Adjusted2* 5.53 -7.44 20.31 

HDL Cholesterol Crude -11.21 -19.88 -1.60 

 Adjusted -4.76 -14.01 5.49 

Triglycerides Crude 20.56 -2.62 49.26 

 Adjusted 8.55 -12.16 34.15 

 Adjusted2* 9.66 -11.12 35.30 

C-Reactive 
Protein Crude 101.66 15.27 252.78 

 Adjusted 45.77 -15.04 150.11 

 Adjusted2* 41.00 -16.65 138.54 

Leptin Crude 99.82 30.57 205.78 

 Adjusted 53.53 2.72 129.49 

Adiponectin Crude -15.65 -25.42 -4.60 

 Adjusted -12.04 -22.68 0.07 

See Figure S2 for more details on Recurrent Pregnancy Complications. 

MICE imputation for missing covariate information (m=50 times) 
adjusted for: maternal age, prepregnancy BMI, parity, smoking status, marital status, education level, 
income, time spent walking in pregnancy 
*outliers removed 3*IQR 
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Table S5:  Sensitivity Analysis: Multivariable Models for the association between Hypertensive Disorders in Pregnancy (HDP), and Pregnancy 

Complications (HDP, preterm or Gestational Diabetes/Impaired Glucose Tolerance) with additional covariate adjustment (excess weight gain). 

MICE imputation for missing covariate information (m=50 times) 
adjusted for: maternal age, prepregnancy BMI, parity, smoking status, marital status, education level, income, time spent walking in pregnancy, 
excess weight gain in pregnancy. 
*adjusted for covariates and outliers removed 3*IQR 

Log-transformed because of skewed distribution.  Estimates expressed as percent change in those with HDP or Pregnancy complications verses 

uncomplicated pregnancies.  (e β − 1) x 100 

Excess weight gain defined according to Institute of Medicine Guidelines.  National Research Council. Guidelines on Weight Gain and Pregnancy. 

Guidelines on Weight Gain and Pregnancy (2013). doi:10.17226/18291 

  

Outcome Model HDP only  
Pregnancy Complications (HDP, preterm, IGT 

or GDM) 

  β Estimate LCI UCI β Estimate LCI UCI 

Body fat percentage (%) Adjusted 2.41 -0.52 5.33 2.49 0.21 4.76 

Systolic BP (mmHg) Adjusted 12.07 7.26 16.87 9.07 5.22 12.92 

Diastolic BP (mmHg) Adjusted 6.18 2.56 9.81 5.58 2.68 8.48 

weight retention (kg) Adjusted2* -0.35 -3.76 3.06 0.80 -1.90 3.50 

Glucose (mg/dL) Adjusted2* 1.82 -1.77 5.41 3.37 0.35 6.40 

Log transformed outcomes Model %change %LCU %UCI %change %LCU %UCI 

Total Cholesterol Adjusted 5.19 -1.95 12.86 3.96 -1.77 10.02 

LDL Cholesterol Adjusted2* 5.80 -4.83 17.63 5.66 -2.88 14.96 

HDL Cholesterol Adjusted 0.49 -7.78 9.50 -0.02 -6.59 7.02 

Triglycerides Adjusted2* 5.51 -11.23 25.42 1.43 -11.79 16.63 

C-Reactive Protein Adjusted2* 31.05 -15.30 102.75 24.36 -11.69 75.12 

Leptin Adjusted 16.59 -16.20 62.22 19.32 -8.41 55.45 

Adiponectin Adjusted -2.68 -12.79 8.59 -4.43 -12.51 4.39 
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Table S6:  Sensitivity Analysis: Multivariable Models for the association between Hypertensive Disorders in Pregnancy (HDP),  and Pregnancy 

Complications (HDP, preterm or Gestational Diabetes/Impaired Glucose Tolerance) with the removal of those on hypertensive medication at 

follow-up 

 

Outcome Model HDP only  
Pregnancy Complications (HDP, 

preterm, IGT or GDM) 

  β Estimate LCI UCI β Estimate LCI UCI 

Body fat percentage (%) Adjusted 2.48 -0.44 5.39 2.43 0.10 4.76 

Systolic BP (mmHg) Adjusted 11.92 7.13 16.72 8.09 4.22 11.96 

Diastolic BP (mmHg) Adjusted 6.03 2.41 9.64 4.78 1.86 7.70 

weight retention (kg) Adjusted2* 0.15 -3.34 3.65 1.20 -1.63 4.03 

Glucose (mg/dL) Adjusted2* 1.30 -2.14 4.74 2.82 -0.17 5.81 

Log transformed outcomes Model %change %LCU %UCI %change %LCU %UCI 

Total Cholesterol Adjusted 5.3 -1.9 13.0 3.3 -2.4 9.4 

LDL Cholesterol Adjusted2* 6.0 -4.8 18.0 4.8 -3.8 14.1 

HDL Cholesterol Adjusted 0.3 -8.0 9.4 -0.3 -7.0 6.9 

Triglycerides Adjusted2* 5.2 -11.7 25.4 -0.6 -13.8 14.6 

C-Reactive Protein Adjusted2* 34.7 -11.7 105.3 27.3 -10.0 80.2 

Leptin Adjusted 15.4 -17.3 61.1 15.5 -12.0 51.5 

Adiponectin Adjusted -1.9 -12.1 9.5 -3.7 -12.0 5.4 

MICE imputation for missing covariate information (m=50 times) 
adjusted for: maternal age, prepregnancy BMI, parity, smoking status, marital status, education level, income, time spent walking in pregnancy, 
fasting status 
*adjusted for covariates and outliers removed 3*IQR 

Log-transformed because of skewed distribution.  Estimates expressed as percent change in those with HDP or Pregnancy complications verses 

uncomplicated pregnancies.  (e β − 1) x 100 
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Figure S1: MIREC ENDO Study Participation
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Figure S2: Directed Acyclic Graph (DAG) for Pregnancy Complications and Cardiometabolic Risk Factors 

 

 

Note: Weight Gain may be along the causal pathway and was therefore adjusted for in a sensitivity analysis. 
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Figure S3: Timing of Pregnancy Complications in the MIREC Cohort (Preterm Birth, HDP, IGT or GDM) 

 

 

Because women gave information on their obstetrical history in the MIREC ENDO follow-up visit approximately 9 

years postpartum we obtained information on all of their pregnancies.  A total of 97 (37+14+27+11+4+4=97) 

participants had a pregnancy complication with their MIREC Index child, previous to the MIREC Index child (past 

pregnancy) or after the MIREC index child (future pregnancy).  There were 56 women with a pregnancy 

complication (Preterm, GDM or IGT, HDP) in the MIREC Index Pregnancy, 42 women had a complication (Preterm, 

GDM, HDP) in a pregnancy prior to the MIREC Index pregnancy, and 22 women had  a future pregnancy 

complication (Preterm, GDM, HDP).   11 women had a complication in a past pregnancy and the MIREC Index 

pregnancy, 4 had a pregnancy complication in MIREC and then again the future, and another 4 women had a 

pregnancy complication in a past pregnancy, the MIREC Index pregnancy and a future pregnancy.  19 participants 

had a recurrent pregnancy complication (red circle above).   

50 women (27 past only complication + 14 future only compilation) were excluded from the main analysis because 

they had self-reported past or future pregnancy complications or missing information about pregnancy 

complications in MIREC (n=9) 

19 participants had recurring pregnancy complications. Note: Past and Future Pregnancy Complications were self-

report whereas the information on the MIREC index Pregnancy was compiled at study visits and through chart 

reviews.  
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Figure S4: Timing of Hypertensive Disorders in Pregnancy (HDP) 

 



179 
 

CHAPTER 5  

INTEGRATED DISCUSSION 
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1.0 Introduction 

The Government of Canada’s Chemicals Management Plan is “aimed at reducing the risks posed 

by chemical substances found in food and food products, consumer products, cosmetics, drugs, 

drinking water, and industrial releases to Canadians and the environment” 1. This is done through 

risk assessment and management.   It is clear that environmental chemicals are ubiquitous in our 

environment and among Canadians2, and while many of these substances are used to improve the 

quality of our lives, many are also associated with disease risk 3,4.  Research has shown that some 

nutrients may modify the impact of chemical exposures by blocking their absorption or 

facilitating their excretion from the body.  On the other hand, chemicals in the environment may 

disrupt the absorption and metabolism of nutrients.  Nutrition is a practical means for 

intervention to help mitigate the effect of exposures given the pervasive nature of environmental 

chemicals 9, 10.  

This thesis aimed to understand the impact of toxic metals on maternal health and the potential 

modifying role of vitamin D (Figure 1).  Using data from the Maternal-Infant Research on 

Environmental Chemicals (MIREC) study, first, we investigated the direction of the relationship 

between the toxic metals cadmium (Cd) and lead (Pb) with 25-hydroxyvitamin D (25OHD) 

during pregnancy.  Then, we investigated the association between metals and preterm birth and 

the potential modification of that association by vitamin D status, given what we learned in the 

first paper.  Finally, we considered the longer-term impact of pregnancy complications, such as 

preterm birth, on maternal cardiometabolic health approximately 9 years after pregnancy (based 

on the MIREC index birth) using data from the most recent follow-up study of this cohort.    
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Figure 1:  Dissertation Outline 

  

As=arsenic, Cd=cadmium, Pb=lead, Hg=mercury, 25OHD=25-hydroxyvitamin D 
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1.1 Summary of Paper #1: Blood Metals and Vitamin D Status in a Pregnancy Cohort: A 

Bidirectional Biomarker Analysis  

Both toxic metals and low vitamin D status have shown associations with adverse pregnancy 

outcomes, such as preterm birth and preeclampsia 5–10.  Observational studies indicate that long-

term, high level exposure to metals such as cadmium (Cd) and lead (Pb) affect vitamin D status 

in pregnancy 11–13.  Other observational studies bring into question the directionality of vitamin 

D and toxic metals, particularly at low-level exposures typical of current environmental 

exposures among the general population in North America.  A number of studies suggest that 

higher vitamin D status or intake are associated with lower blood metals in pregnant women and 

children 14–16.  Therefore, the objectives of this study were to investigate the potential 

relationships between 25OHD, a biomarker of vitamin D status, and the blood metals cadmium  

 Figure 2: Biomarker Data by Visit 

(Cd) and lead (Pb) measured in the 1st and 3rd trimester of pregnancy.  We used longitudinal 

data from the MIREC study and investigated different statistical techniques (multivariable linear 

regression, latent growth curve analysis, and cross lagged panel models) to estimate the 

associations cross-sectionally (with 25OHD as the outcome), longitudinally (with 25OHD as the 

https://pubmed.ncbi.nlm.nih.gov/35240110/
https://pubmed.ncbi.nlm.nih.gov/35240110/
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outcome) and bidirectionally. The traditional multivariable linear regression analyses showed a 

weak inverse association between metals and 25OHD suggesting that higher Cd was associated 

with lower vitamin D concentrations cross-sectionally and longitudinally while the latent growth 

model displayed higher Pb to be associated with lower vitamin D at the intercept (baseline) but 

not with the vitamin D trajectory in pregnancy.  In contrast, when we considered the potential for 

a bidirectional relationship using the crossed lagged panel model, the reverse held true.  Higher 

1st trimester 25OHD was associated with lower 3rd trimester Cd (-9%, 95% CI: -15%, -3%) and  

Pb (-3%, 95% CI: -7, 0.1%) .  Higher metals in the 1st trimester were no longer associated with 

lower 25OHD.  This method focuses on the causal direction by controlling for contemporaneous 

effects (cross-sectional), and the persistence of a biomarker over time, in order to rule out reverse 

causation.  Thus, our conclusion was that 25OHD may modify the concentration of metals during 

pregnancy. We have not observed the use of cross lagged panel models in any other 

biomonitoring study of environmental chemicals; these models are used in psychological and 

sociological research.  

 

1.2 Summary of Paper #2: Association between toxic metals, vitamin D and Preterm Birth in 

the Maternal-Infant Research on Environmental Chemicals Study (Paediatric and Perinatal 

Epidemiology, accepted for publication) 

In this paper, we investigated the association between toxic metals and preterm birth and the 

potential modifying effect of vitamin D, given that our first paper suggested 25OHD may be 

associated with lower concentrations of Pb and Cd.  We wanted to consider time in our analysis 

given the important role that time plays in pregnancy and preterm birth and in order to use all of 
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our data (time varying exposures and covariates).  We also wanted to consider the mechanism of 

action by looking specifically at spontaneous preterm birth, a sub-category of preterm birth that 

could potentially be caused by inflammation or oxidative stress related to metals.  Using discrete 

time survival analysis, we found that a 1 µg/dL increase in blood Pb concentration during 

pregnancy was associated with an increased risk of preterm birth (RR: 1.48, 95% CI: 1.00, 2.20); 

the relative risk was higher for spontaneous preterm birth (RR: 1.71, 95% CI: 1.13, 2.60).  These 

associations were found to be stronger in those with low vitamin D concentrations (25OHD <50 

nmol/L). A 1 µg/L increase in blood arsenic was also associated with a higher risk of preterm 

birth (RR=1.10, 95% CI: 1.02, 1.19) and spontaneous preterm birth (RR=1.11, 95% CI: 1.03, 

1.20) but these associations were unaffected by vitamin D status.  Few studies have explored the 

association between toxic metals at the low concentrations found in most Canadians and preterm 

birth; no other studies have examined the modifying effect of vitamin D.    

 

 

1.3 Summary of Paper #3: The Association between Pregnancy Complications and Long-Term 

Maternal Cardiometabolic Health in the MIREC Cohort Study. 

Reflecting the broader implications of exposures associated with pregnancy complications, this 

3rd paper in the dissertation explored the potential long-term impact of pregnancy complications, 

such as preterm birth, on maternal health.  Using data from MIREC’s most recent follow-up 

study, MIREC-Endocrine and Metabolic function (MIREC-ENDO) we investigated the 

association of having a pregnancy complication in the MIREC index pregnancy with maternal 

cardiometabolic health approximately 9 years postpartum. We created a composite variable 

(pregnancy complications) that contained a combination of pregnancy complications (gestational 
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diabetes or impaired glucose tolerance, preterm birth, or hypertensive disorders in pregnancy) as 

well as hypertensive disorders in pregnancy (HDP) only.  Unfortunately, we had too few preterm 

births to look at them as a separate category.  Although a number of studies indicate that having 

a pregnancy complication increases the risk of cardiovascular disease and Type II diabetes later 

in life, few studies have the depth of directly measured cardiometabolic endpoints, collected at 

the approximately the same point in time (median 9 years, range 8-13 y) as the MIREC study.  

We observed that participants with HDP during pregnancy had significantly higher systolic 

(mean difference of 11.9 mm Hg, 95% CI 7.1, 16.7) and diastolic (6.0 mm Hg, 95% CI: 2.4, 9.6) 

blood pressure, and 32% (-14%, 104%) and 18% (-15%, 65%) higher high sensitivity-C-reactive 

protein (hsCRP) and leptin respectively, compared to participants who had uncomplicated 

pregnancies. We also observed higher percent body fat in those who had a pregnancy 

complication (percent change: 2.6%, 95% CI: 0.3%, 4.8%) or a recurrent pregnancy 

complication (percent change: 3.6%, 95% CI: 0.2%, 7.0%), compared to those who had 

uncomplicated pregnancies after controlling for a number of covariates including pre-pregnancy 

BMI.  This paper gives some insight into the association of pregnancy complications with 

cardiometabolic health endpoints, just 9 years post index pregnancy in a population with only 

4% of participants reporting that they were post-menopausal, and few reporting a diagnosis of 

hypertension (n=7) or Type II diabetes (n=4).   

2.0 Main Points of Integration 

2.1 Pregnancy as a Sensitive Window 

Our research examined the association between environmental chemicals and preterm birth and 

then examined the long-term impact of pregnancy complications on maternal health.  During 
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pregnancy, there are necessary physiological adaptations to accommodate the fetus 17 and an 

accumulation of evidence suggests that environmental chemicals may interrupt these adaptations 

causing pregnancy complications that have implications for both the mother and child 18.   For 

example, one area of physiological change during pregnancy involves matrix malloproteinases 

(MMPs), which act broadly to regulate the inflammatory process 19 and are involved in embryo 

implantation, placentation, and cervical dilation 20,21.  Studies have shown associations between 

metals and MMPs during pregnancy,22,23 including the MIREC study 23.  Since inflammation and 

infection are considered risk factors for preterm birth 24, it is possible that this is part of the 

mechanism explaining the observed relationship between metals and preterm birth. 

 

In turn, preterm birth is not only the leading cause of death among children under 5 years of age 

globally 25 but may also impact the health of the child for rest of their lives.  The impact of the in 

utero environment on the future health of the child has been realized over the past 30 years with 

the developmental origins of health and disease (DoHaD) hypothesis 26,27, and this has become a 

key priority for research in some funding agencies 28.  The premise of DoHaD is that the fetus 

adapts to the maternal conditions during development shaping the structure and function of their 

organs and in turn affecting health and disease throughout the lifespan.  Preterm birth is an 

independent risk factor for neurodevelopmental disorders 29 and is associated with an increased 

risk of childhood asthma 30, and cardiovascular diseases in young adulthood 31.    

 

The impact of pregnancy on the long-term health of the mother was more recently recognized 32.  

Studies have found that women who experience a pregnancy complication such as a hypertensive 
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disorder in pregnancy, preterm birth or gestational diabetes have at least double the risk of 

cardiovascular disease and Type II diabetes later in life 33–35.  The first maternal health clinic 

with a structured postpartum screening program for women who experienced a hypertensive 

disorder in pregnancy was established in Kingston Ontario in 201136.   In 2013, the task force for 

the American College of Obstetricians and Gynecologist recommended that women with a 

history of preeclampsia with a preterm birth or recurrent preeclampsia be assessed yearly for 

blood pressure, lipids, fasting blood glucose and BMI based on low quality evidence 37.   Further, 

an article by Rich-Edwards in 2009 38 argued that many aspects of women’s reproductive health, 

beyond pregnancy complications, provide important information about subclinical disease 

trajectories as the factors that contribute to  cardiovascular disease (CVD) and cancers 

(inflammation, angiogenesis, thrombosis, insulin resistance and endocrine profiles) are also 

linked to abnormal menstrual patterns, female infertility and pregnancy complications.  For 

example, age at menarche is linked with breast cancer risk 39, and women with irregular or long 

periods are more likely to develop CVD compared to women with regular periods.  Our research 

found associations between pregnancy complications and markers of cardiometabolic health, just 

nine years postpartum.  These markers were associated with increased body fat percentage, blood 

pressure, and fasting plasma glucose.  Some of these associations were even stronger in those 

with recurrent pregnancy complications. Further research is required to better understand shared 

mechanisms behind a women’s reproductive health and future risk of chronic disease.  For 

example, are the factors such as underlying metabolic dysfunction that put women at increased 

risk of pregnancy complications, exacerbated by environmental chemical exposure, poor 

nutritional status and lifestyle factors, and setting these women on a trajectory of poorer long-

term cardiometabolic health?  
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2.2 Nutrition as Potential Modifier 

Environmental chemicals are everywhere and difficult to avoid given there is rarely just one 

source of any particular chemical.   For example, exposure to toxic metals such as lead and 

arsenic can occur from several sources that are connected to eating habits, occupation, hobbies, 

the age of residential buildings, and geographical region. In addition, Canadians are 

simultaneously exposed to many chemicals at low concentrations 40.  There is a growing 

recognition of the need to identify preventive measures to address multiple environmental 

exposures in order to mitigate their potential impact, as highlighted in a workshop report on 

chemical mixtures 41.  In a series of papers by Hennig 42–44 a number of researchers have 

collectively stressed the need to further explore the nutritional paradigm in environmental 

toxicology.  Specifically, over the past few decades there has been a growing body of research 

suggesting that nutrients may modify the toxicity of environmental chemicals 45,46.  In addition to 

our first paper showing that increasing 25OHD concentrations in maternal blood during 

pregnancy may be associated with reduced concentrations of the metals Pb and Cd, other studies 

in the MIREC cohort have found that folate may modify the association between phthalate 

exposures in pregnancy and autistic traits in offspring 47.  Arbuckle et al. also showed that 

calcium and vitamin D intake, as measured by a food frequency questionnaire, was inversely 

associated with maternal and cord blood metals 48.   

 

Our papers build on the limited studies examining vitamin D as a potential modifier of metal 

exposures.  Our 1st and 2nd papers raise important questions about the association between toxic 

metals and vitamin D and how low vitamin D status may increase the effect of metals on preterm 

birth risk.  Studies have also demonstrated associations between toxic metals and a number of 
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other pregnancy outcomes in the MIREC cohort including preeclampsia, gestational diabetes and 

small for gestational age 49–52.   The implications of these collective findings may extend beyond 

birth for both the mother and child.  This may be particularly important for low-income and 

marginalized communities where there may be a heavier burden of air pollution, toxic chemicals 

and inadequate nutrition 53–55.  

2.3 Application of statistical techniques used in other substantive areas 

The MIREC dataset has detailed and repeated exposure measures which allowed us to use a 

variety of statistical techniques in order to investigate relationships.  For our first paper, we 

wanted to consider all of the repeated exposure data available in order to investigate bidirectional 

relationships using the cross lagged panel model. The main objective of this method is to 

examine the causal direction between variables 56.  It allows for simultaneous regressions and 

uniquely, makes it possible to specify reciprocal associations by allowing for a variable to be a 

response variable in one equation and a predictor variable in another 57,58.   Studies utilizing the 

cross lagged panel model method have so far been mainly from the fields of psychology, 

education and kinesiology/sports medicine. Some recent examples are studies that have used this 

method to examine reciprocal relationships between: 

• Physical activity and gross motor skills 59 

• Posttraumatic stress symptoms and cannabis and alcohol use 60 

• Appetite behavior and BMI in childhood 61 

• Depressive symptoms and breastfeeding 62 

• Developmental trajectories and video game engagement 63 
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  As far as we are aware, there are no previous applications of this method in biomonitoring 

research or environmental epidemiology.  

This method reinforced two key messages: 1) the importance of ruling out contemporaneous 

effects; and 2) the importance of considering the persistence of a risk factor over time.  These are 

highly relevant concepts to biomonitoring research generally, especially with persistent 

chemicals and those that are encountered in daily life.  An important current limitation of this 

field is that much of the available evidence of health effects of environmental chemicals is cross-

sectional, reflecting the nature of population-based biomonitoring programs such as the Canadian 

Health Measures Survey (CHMS) and the National Health and Nutrition Examination Survey 

(NHANES).   

 

In our second paper, we used discrete time survival analysis to examine the joint association 

between metals and vitamin D in association with preterm birth.  Traditionally, preterm birth has 

been analyzed as a dichotomous variable with logistic regression, with the cut-off being at 37 

completed weeks of gestation.  Term gestation extends from 37-42 weeks while preterm  

gestation has a much wider window, extending from 22-36 weeks.  An important advantage of 

survival analysis is the ability to control for time varying exposures and covariates 64.  In the 

MIREC study, we were able to access and account for time varying measurements for metals (1st 

and 3rd trimester) and vitamin D (1st and 3rd trimester) as well as several time varying covariates 

(e.g., weight gain in pregnancy, season of blood collection, smoking).  Survival analysis is 

usually not used for continuous exposures when there are only a few repeated exposure 

measurements; for continuous exposures, the method has been primarily used in air pollution 
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studies that have daily or weekly measurements 65.  However, we wanted to take into account all 

the data available to us.  We also did not want to ignore time in our analysis or assume that the 

risk was constant over time, without first checking this.  In the Figure 3, it is apparent that time 

plays an important role in the risk of preterm birth.  If the risk of the event were independent of 

time, the hazard probability would be flat. Discrete time survival analysis allowed us to consider 

each week at risk separately and correctly capture the covariate data with the ultimate goal of 

improving the precision of the estimated associations 66.   

     

Figure 3. Considering just time and the risk of preterm birth 

 

3.0 Strengths and Limitations of the Dissertation  

A major strength of this thesis is the comprehensive dataset that allowed us to do the extensive 

analysis in paper 1 that compared methods for examining cross-sectional, longitudinal, and bi-

directional associations; permitted the examination of vitamin D/metal interactions with the risk 

of preterm birth in paper 2, which is a contribution that, if replicated in future studies may have 
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important implications for preventive intervention; and facilitated paper 3 which allowed us to 

empirically investigate the broader and long-term implications of our research on maternal health 

and include cardiometabolic markers that are often not measured in other studies in this area. 

Although the MIREC cohort study has a number of notable strengths including its prospective 

nature and depth of exposure measures, its overarching limitation is its lack of ethnic and 

socioeconomic diversity.  Therefore, the generalizability of our findings in all three papers is 

limited to predominately white, highly educated, married women.  However, while the 

homogeneity of our sample is an important limitation with respect to external validity, it is 

possible that this increased internal validity, by limiting residual confounding in our studies.  

Another overarching limitation is a relatively low sample size.  Our statistical power was limited 

in the 2nd and 3rd papers where we investigated preterm birth and maternal cardiometabolic 

health.   

To address some of the sample size limitations, in our future work beyond this dissertation, we 

plan to replicate the analysis used in our 2nd paper using the Avon Longitudinal Study of Parents 

and Children (https://www.bristol.ac.uk/alspac/), to study the joint effect of vitamin D and lead 

on preterm birth in a different cohort.  This cohort has a larger sample size (n>4000), and more 

variability in blood lead and vitamin D concentrations 67.   

4.0 Implications for Field Environmental and Perinatal Epidemiology 

When I reflect on what I have learned throughout this dissertation there are 3 key take-home 

messages. They are:   

• Relationships between biomarkers can be bidirectional.  

https://www.bristol.ac.uk/alspac/
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• There are opportunities for perinatal epidemiologists to further consider the 

implications of time and integrate this into our analyses. 

• We need to keep following our participants to better elucidate the long-term impact of 

exposures and complications that occur in pregnancy.   

4.1 Bidirectional Relationships 

In our first paper we wanted to understand the relationships between metals and vitamin D and 

used the cross lagged panel model. This method could be used to further explore biomarkers of 

exposure and effect in environmental epidemiology.  For example, in a previous paper our team 

at Health Canada investigated the association between blood concentrations of perfluoroalkyl 

substances (PFAS) and plasma lipids and liver enzymes in the general population 66 and pregnant 

women 67.  We found that certain PFAS were associated with worse lipid profiles and elevated 

liver enzymes.  However, there could be reverse causation because those with worse lipid 

profiles or elevated liver enzymes may be less able to clear PFAS from the body.  The challenge, 

however, is having repeated measures of both biomarkers over similar time periods in order to be 

able to explore directionality.  Ideally, the bidirectional nature of relationships that we plan to 

investigate should be considered in the planning stages of a study.   

4.2 What about considering time when looking at pregnancy outcomes? 

Considering time in future studies investigating pregnancy outcomes, using statistical methods 

that better account for longitudinal data with repeated exposure measures compared with 

traditional logistic regression, is an important priority.  When a person is pregnant, time is 

intimately linked to the risk of pregnancy complications 70.  For example the timing of 

preeclampsia is linked to its severity 71 and neonatal morbidities are shown to differ even within 

the term period 72.  Discrete time survival analysis allows us to look at the week-specific risk of 
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an outcome and is amenable to time dependent (gestational age) or time varying (e.g. smoking 

status may change throughout pregnancy) variables in the analysis. It also allows us to correctly 

capture the covariate information.  For example, if we were interested in gestational weight gain 

as an exposure or covariate, we could accurately represent it across pregnancy provided data 

were available. Gestational weight gain is often non-uniform and influenced by pregnancy 

length, with a substantial portion of weight gain occurring in the term period  of a pregnancy (37-

42 weeks) 66.  When time-varying covariates are available survival analysis allows us to utilize 

all the data available and ultimately improve the precision of our estimates.  

4.3 Maintain follow-up of our Participants 

Our research, along with that of others 33,35,  suggests that pregnancy complications have long 

lasting effects.  Pregnancy cohorts should consider consistent and long-term follow-up of 

mothers as well as children in their studies.  In the MIREC cohort study we conducted two 

follow-up studies, the MIREC-Infant Development (MIREC-ID) study and MIREC-Child 

Development (MIREC-CD Plus) study, focused on offspring but not maternal health.  Only 

recently in our MIREC-ENDO study did we consider the mother’s health as well as the child’s.   

The U.S. National Institute of Health has recognized this need for longer-term data in a recent 

call for funding aimed at examining the long-term effect of environmental chemical exposures 

during pregnancy on maternal health 73.  One recent study found that early pregnancy PFAS were 

associated with poorer anthropometry, blood pressure, and cardiometabolic health at 3 years 

postpartum in women from the United States 74.   Given the paucity of data in this area, 

additional future research investigating the association between toxic metals and vitamin D 

insufficiency on cardiometabolic health in this MIREC cohort is warranted.     
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4.4 Public Health Implications and Considerations 

In this thesis, we found that higher blood 25-hydroxyvitamin D levels were associated with 

lower blood cadmium and lead levels in pregnancy and that the association between lead and 

preterm birth was stronger in those with insufficient vitamin D status (<50 nmol/L).  If further 

studies corroborate these relationships, there could be wide-ranging implications given that a 

number of reviews have identified toxic metals as potential reproductive toxicants, showing 

associations not only with preterm birth but also miscarriage and preeclampsia 75–77. These 

pregnancy complications could affect the health of both the child and mother, as discussed in 

detail above.  Preterm birth is the leading cause of death in children under 5 years of age, and the 

World Health Organization (WHO) estimated that over 13 million babies were born preterm in 

2020 78. Toxic metals in pregnancy may also have long-term effects on the child’s 

neurodevelopment 79. Thus, the potential modification of the impact of toxic metals, such as lead, 

by vitamin D is important to consider.  About 75% of Canadian females between the age of 19-

50 are considered vitamin D sufficient (≥50 nmol/L) according to the 2007-2009 CHMS 

Survey80; however, in northern Canada only 27% (95% CI: 11%, 42%) of Inuit participants had 

vitamin D levels above 50 nmol/L81.  According to our study findings, these populations with 

lower vitamin D levels may be at higher risk of exposure/absorption of Pb and Cd and the 

harmful effects of metals such as Pb.  In addition, northern populations may be more highly 

exposed to toxic metals due to the higher prevalence of smoking 82  and some traditional foods 55. 

On the contrary, several traditional foods are excellent sources of vitamin D 81.  We acknowledge 

the potential for unmeasured confounding in our studies, as vitamin D may be a marker of 

overall mineral status 83 or an indicator of physical activity, as seen in studies of adolescents and 

post-menopausal women 84,85. However, a recent study did not see an association between 
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physical activity and 25OHD in postpartum lactating women 86. Additional research is needed to 

further elucidate the biological mechanisms explaining the potential relationship between 

25OHD and toxic metals during pregnancy.  

5.0 Overall Conclusions 

In summary, this dissertation used a variety of rather unique statistical methods to examine the 

potential interplay between nutrients and environmental chemicals.  I’ve learned of the 

importance of thinking about causal direction and uniquely used a statistical method that allowed 

us to investigate the bidirectional nature of this associations, with the results suggesting that 

higher vitamin D earlier in pregnancy may be associated with lower levels of some toxic metals 

in the blood later in pregnancy.  We then investigated the potential modifying effect of 25OHD 

on the association between metals and preterm birth and learned about the potential for nutrition 

to modify the harmful effects of chemical exposures. We found blood Pb to be associated with 

preterm birth and this association was strongest in women with lower vitamin D status.  Finally, 

we gained insight into the importance of long-term follow-up in pregnancy cohort studies as we 

investigated the long-term impact of pregnancy complications on maternal health, 9 years post-

partum.  We found evidence to suggest that having a pregnancy complication worsens 

cardiometabolic health.  Elevations in body fat percentage, blood pressure and markers of 

inflammation and insulin resistance were observed among women who experienced a pregnancy 

complication, especially hypertensive disorders in pregnancy.  Going forward our results suggest 

environmental epidemiology should consider the potential role of nutrition in the modification of 

exposures or their effects.  Further, chemicals that are associated with pregnancy complications, 

such as preterm birth, could have lasting effects on the child and the mother.  Pregnancy cohorts 

should consider follow-up of both the mother and child in the long-term.   
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Vitamin D Metabolism   

There are two main types of vitamin D: D2 (ergocalciferol) found naturally from ultraviolet B 

(UVB) irradiation of the ergosterol in plants and fungi and D3 (cholecalciferol) from dietary 

sources (meat, fish, and eggs) and produced in the skin 1 (Figure 1).  Few naturally occurring food 

sources are rich in vitamin D aside from oily fish. Other sources include egg yolks, meat, liver, 

supplements or fortified foods such as cow’s milk and margarine, in Canada. Other foods permitted 

to be fortified with vitamin D include goat’s milk, plant based beverages, and some calcium-

fortified orange juices 2. Both D2 and D3 can be commercially synthesized to use in supplements, 

and bioenrichment of some foods can be done using UVB irradiation of ergosterol from plants and 

fungi (D2) and 7- dehydrochlesterol (DHC) from sheep’s wool (D3)  3. 

 

Vitamin D is a unique nutrient for two key reasons: 1) it is obtained both exogenously from diet 

and produced endogenously in the skin; 2) it is technically not a vitamin, but rather a “prohormone” 

that needs to be metabolically activated and converted to its hormonal form 1,25-

dihydroxyvtitamin D (1,25(OH)2D) through the vitamin D endocrine system.  Vitamin D2 and D3 

obtained through the diet (food or supplements) are absorbed in the intestines and then delivered 

to various tissues through peripheral circulation via chylomironsa, and subsequently transported to 

the liver through remnant lipoproteins (RPLs)b . Endogenous production of vitamin D occurs 

during exposure to UVB (spectrum 280-320) rays from sunlight.  7-DHC in the skin is converted 

to previtamin-D3 , and then further converted to D3 by enthalpy 4. This process can be altered by a 

 
a Chylomicrons: transport most dietary fatty acids and are the largest lipoproteins found in circulation 29 
b Remnant Lipoproteins (RPLs): the degradation product of partially catabolized chylomicrons.  These particles are smaller and 
denser than chylomicrons and are linked to cardiovascular disease  30; Julve et al., 2016)  
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number of factors that influence UVB intensity (air pollution, season, time of day, latitude, 

atmospheric components), cutaneous exposure (clothing, sunscreen), and skin pigmentation.  In 

addition aging is related to a decline in epidermal concentrations of 7-DHC  5.  

 

D3 is then transported to the liver via DBP.   The liver is the main organ where vitamin D is 

converted to 25OHD and the kidney is the main source of conversion of 25OHD to 1,25(OH)2D.  

Vitamin D metabolism involves 3 main hydroxylations (25-hydroxylation, 1α-hydroxylation and 

24-hydroxylation) and all are performed by the P450 mixed function oxidases (CYPs): CYP2R1, 

CYP27A1, and CYP24B1.  Cytochrome P450-dependent hydroxylases are found in the 

mitochondria and smooth endopasmic reticulum (microsomes) and are important for hormone 

synthesis as well as the clearance of many compounds 6,7. The major site of 25OHD production 

from D2 and D3 is in the liver.  The liver contains a number of CYPs with 25-hydroxylase activity 

but CYP2R1 seems to be the major player in 25OHD synthesis.  CYP2R1 gene knockout mice 

showed a greater than 50% reduction in 25OHD serum, suggesting it is a major, but not the sole 

player in 25-hydroxylation of vitamin D 8. The production of 25OHD in the liver does not appear 

to be under tight regulation 7.      

 

25OHD is transported from the liver to the kidneys via the vitamin D binding protein (DBP).   In 

the kidneys 25OHD is further hydroxylated (1α-hydroxylation) to 1,25(OH)2D (calcitriol) which 

is the biologically active form of vitamin D.  CYP27B1 is the only recognized enzyme to have 1α-

hydroxylation activity in the kidney and mutations within this gene cause 1,25(OH)2D deficiency 

leading to rickets 9.  Although the kidney is the main site of 25OHD hydroxylation to 1,25(OH)2D, 
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there are several other extra-renal tissues, such as the placenta, bone, prostate, keratinocytesc, and 

cells of the immune system (macrophages, T-lymphocyets, dendritic cellsd) that are also able to 

convert 25OHD to 1,25(OH)2D on a local tissue level 10,11.  Renal 1α-hydroxylase is tightly 

regulated  through three main mechanisms 7,12–14:   

 

1. A direct negative feedback by 1,25(OH)2D itself.   

➢ 1,25(OH)2D itself directly inhibits CYP27B1 involved in renal 1α-hydroxylase; 

➢ 1,25(OH)2D limits CYP27B1 activity by inhibiting PTH and increasing Fibroblast 

growth factor 23 (FGF23) production 

➢ Reducing 1,25(OH)2D by inducing CYP24A1 expression in the kidney through a 

complex mechanism involving the vitamin D receptor (VDR) and the vitamin D 

inhibitory receptor;  

 

2. Parathyroid hormone (PTH) as a signal of calcium status.    

➢ Low calcium and elevated PTH stimulates CYP27B1 and the renal production of 

1,25(OH)2D; 

 

3. Fibroblast growth factor 23 (FGF23)  synthesized in the bone (osteoblasts, osteoclasts) as 

a peptide is essential to the maintenance of phosphate homeostasis by modulating intestinal 

phosphate absorption, renal phosphate reabsorption and/or bone metabolism 15.   

➢ 1,25(OH)2D enhances FGF23  production and;  

➢ FGF23 inhibits CYP27B1 and reduces 1,25(OH)2D production. 

 
c Epidermal cell that produces keratin 
d Antigen presenting cells 
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The Vitamin D binding protein (DBP) is the key transport protein for 25OHD and 1,25(OH)2D.  It 

is similar to other ligand specific serum carriers of other steroid hormones such as corticosteroid-

binding globulin, sex hormone-binding globulin (SHBG; estrogens and androgens) and thyroid 

hormone-binding globulin 16.  DBP is almost entirely produced in the liver and its synthesis is 

influenced by estrogen, glucocorticoids, and inflammatory cytokines.  Noteworthy, its production 

is not influenced by vitamin D itself 17.  DBP binds approximately 85% of circulating vitamin D 

metabolites while albumin binds close to 15%.  Around 0.4% of total 1,25(OH)2D and 0.03% of 

25OHD are ‘free’.  The ‘bioavailable’ vitamin D has been defined as the sum of ‘free’ vitamin D 

metabolite and that which is bound to albumin (15% in healthy non-pregnant individuals) (See 

Figure 2).  The “free hormone” hypothesis  proposes that only the non-bound portion (‘free’) of 

1,25(OH)2D can enter cells and exert a biological effect.   Nevertheless, in the proximal tubules of 

the kidney megalin, a multi-ligand receptor, acts as a cell-surface receptor for DBP so 25OHD 

bound to DBP can be internalized and subsequently hydroxylated to 1,25(OH)2D 16,18. Although 

the action of megalin in the kidney is clear, its functional significance in a number of other vitamin 

D target tissues (placenta, mammary gland, parathyroid gland) is unknown 16.   

 

1,25(OH)2D is transferred to target organs with the help of the DBP and reacts with the VDR to 

regulate calcium (Ca) and phosphate metabolism and PTH secretion, immunomodulation, 

neuroregulation, cell function (proliferation, differentiation, apoptosis) and angiogenesis. The 

VDR is the principal mediator for cellular effects of Vitamin D through its natural ligand with 

1,25(OH)2D 4,6.    
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The final step of vitamin D metabolism is the hydroxylation of vitamin D through the CYP24A1 

enzyme, which has both 24- and 23-hydroxylase activity in humans (See Figure 1).  The main 

function of CYP24A1 is to prevent the accumulation of 25OHD and 1,25(OH)2D causing toxicity 

7.  Both 25OHD and 1,25(OH)2D are 24-hydroxyated but its preferred substrate is 1,25(OH)2D. 

The 5-step 24-hydroxyation pathway of 1,25(OH)2D  leads to 1,24,25(OH)3D and the biologically 

inactive and water-soluble calcitroic acid which is subsequently excreted in urine 6.  

1,24,25(OH)3D is biologically active, although about 10 times less biologically active than 

1,25(OH)2D 19,  and has a high affinity for the VDR and may play a role in bone growth plate 

development 7.  24-hydroxylation of 25OHD leads to 24,25(OH)2D and subsequently to calcitroic 

acid, excreted in urine.  The 23-hydroxylation of 25OHD and 1,25(OH)2D leads to a form of 

lactone.  Lactone may play a role as a VDR antagonist and as a potential “fail-safe” mechanism to 

more efficiently and rapidly downregulate the effect of vitamin D 19.   

The regulation of CYP24A1 is essentially the reciprocal of CY27B1 in the kidney.  CYP24A1 is 

induced by 1,25(OH)2D and FGF23 while PTH lowers the induction of the CYP24A1 enzyme by  

1,25(OH)2D 7.   

 

Table 1: Summary of Regulation of CYP enzymes 
 CYP2R1 

(liver 25-
hydroxylase) 
25OHD 

CYP27B1 
(kidney 1α-hydroxylase) 
1,25(OH)2D synthesis 

CYP24A1 
(catabolism of 
1,25(OH)2D and 
25OHD so it can be 
excreted as calcitroic 
acid 

1,25(OH)2D  ↓ ↑ 
FGF23  ↓ ↑ 
PTH  ↑ ↓ 
↑ = induces enzymatic activity 
↓ = inhibits enzymatic activity 
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D2 vs D3 

D2 and D3 are similar in structure and they both undergo the same two-step hydroxylation process 

in their metabolism. However, D3 is suggested to be superior in its efficacy in raising serum 

25OHD due to several reasons:  

1) D3 is  the preferred substrate for hepatic 25-hyrdoxylation in the liver with D3 being 

converted to 25OHD3 five times as fast as D2 to 25OHD2; 

2) its higher binding affinity to DBP compared to D2 and;  

3) its slower rate of degradation - the formation of 1,24,25(OH)3D2 deactivates the D2 molecule 

however 1,24,25(OH)3D3  requires an addition side-chain oxidation to be biologically 

deactivated 3,20
.    

Randomized controlled trials comparing the efficacy of D2 to D3 in raising serum 25OHD 

concentrations have been inconsistent.  A systematic review of RCTs  that directly compared the 

effects of vitamin D2 and D3 on serum 25OHD suggested that D3 was more efficacious than D2 is 

raising serum 25OHD 21. However, these trials have suffered from being underpowered and 

heterogeneity in intervention dose and frequency 3. 

Calcium, Phosphate and Vitamin D 

Adequate dietary intake of calcium and phosphate are essential for bone mass and bone quality 

because they constitute the mineral component of bone.  Intestinal absorption of both is regulated 

by vitamin D (1,25(OH)2D), parathyroid hormone and FGF23 22. In states of adequate dietary 

intake of calcium and phosphate these ions are passively absorbed however, when the dietary 

intake is low (which is common for calcium) the parathyroid glands increase production of PTH 

which in turn induces: 1) increased intestinal lumen absorption of Ca (indirectly through the 

synthesis of 1,25(OH)2D which depends on the availability of 25OHD, the substrate for the 
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CYP24A1 enzyme);  2) reabsorption of Ca in the kidneys (glomerular filtrate); and finally 3) Ca 

resorption from the bone to the blood stream if intestinal absorption is insufficient due to 

inadequate intake, or other disease factors, in order to maintain normal serum calcium levels.  This 

may result in both bone loss and limited bone mineralization 22.   

 

Table 2: Summary of Hormonal regulation of vitamin D metabolism  
 FGF23 PTH Bone 

resorption 
of Ca and 
P 
 
 

1,25(OH)2D 
synthesis 
(CYP27B1) 

Ca and P 
absorption in 
intestine 
(indirectly 
through 
1,25(OH)2D) 

Ca 
reabsorption 
in kidney  

P 
excretion 
in 
kidney 

Catabolism 
of 
1,25(OH)2D 
(CYP24A1) 
so it can be 
excreted as 
calcitroic 
acid 

FGF23  ↓ ↓ 
(through 
inhibition  
of PTH) 

↓ ↓  
(through 
inhibition  of 
CYP27B1) 

↓ 
(through 
inhibition  
of PTH) 

↑ ↑ 

PTH 
(parathyroid 
hormone) 

↑  ↑ ↑ ↑ ↑ ↑ 

(through 
FGF23) 

↓ 

1,25(OH)2D ↑ ↓  ↓    ↑ 

Low Ca in 
blood 

 ↑       

Increased 
Phosphorus 
in blood 

 ↑        

 
 

Vitamin D in pregnancy 

In pregnancy, DBP has been shown to increase in order to meet the increased calcium demands 

and enhance tolerance to paternal and fetal alloantigens 23.  A positive correlation has been seen 

between DBP and total calcitriol [1,25(OH)2D] in non-pregnant and pregnant women 24.   In 

pregnancy, 1,25(OH)2D increases by two fold in 1st trimester and a further 2 to 3 fold throughout 
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the course of the remainder of the pregnancy, and then rapidly declines at delivery.  Usually the 

kidney is the major site of 1,25(OH)2D synthesis, however PTH concentrations are reduced during 

pregnancy, suggesting that other tissues, cells or hormones may be involved in its production.  The 

placenta also produces local 1,25(OH)2D but does not contribute to circulating 25OHD levels.   

25OHD crosses the placenta and 1,25(OH)2D  is produced in fetal kidneys.  Cord blood 25OHD 

is about 50-80% of  the concentration of maternal serum 25OHD 10.  

 

Vitamin D Receptor (VDR) 

The vitamin D receptor (VDR) is a member of the steroid receptor family and is an essential 

mediator of 1,25(OH)2D 25.  1,25(OH)2D promotes 

the formation of a heterodimere between VDR and  

one of three retinoid X receptorsf (RXRα, RXRβ, or 

RXRγ) that function to regulate gene transcription 

through the binding of vitamin D responsive 

elementsg (VDREs) within the promoter regions of 

the 1,25(OH)2D  regulated genes.  The binding of the 

VDR-RXR complex to the VDRE promoter region 

attracts a complex of coactivator proteins connecting 

VDRE with RNA polymerase IIh leading to gene 

 
e Heterodimer – two non-identical molecules that form a bond (https://www.biologyonline.com/dictionary/dimer) 
f RXR - specific members of the steroid receptor family 
g VDREs – specific sequence of nucleotides in promoter region of VDR regulated genes. 

h RNA polymerase II: multiprotein complex that catalyzes DNA-dependent synthesis of 

messenger RNA (mRNA) (https://www.cell.com/fulltext/S0092-8674(02)00646-3) 

Table 3: Tissues that express the VDR for 
1,25(OH)2D in humans  13 

 
Adipose Muscle (cardiac, 

embryonic, smooth) 
Adrenal Osteoblast 
Bone Ovary 
Bone marrow Pancreas β cell 
Brain Parathryroid 
Breast Paratid 
Cancer cells Pituitary 
Cartilage Placenta 
Colon Prostate 
Epididymis Retina 
Hair follicle Skin 
Intestine Stomach 
Kidney Testis 
Liver (fetal) Thymus 
Lung Thyroid 
Lymphocytes (B & 
T) 

Uterus 

https://www.biologyonline.com/dictionary/dimer
https://www.cell.com/fulltext/S0092-8674(02)00646-3
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transcription and producing mRNA transcripts that leave the cell nucleus and head for coded 

protein in the cytoplasm 26,27.   

 

There are several tissues (See Table 1) that  express the VDR-RXR complex for the steroid 

hormone 1,25(OH)2D suggesting that vitamin D may play a role in many other processes beyond 

calcium homeostasis 13.   Close to 200 genes are regulated by the VDR 28.  
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Figure 1: Vitamin D Metabolism 

 

 Figure was created by Mandy Fisher.   
References:  
Holick, M. F. Vitamin D Status: Measurement, Interpretation, and Clinical Application. Ann. Epidemiol. 19, 73–78 (2009) 
Mousavi, S. E., Amini, H., Heydarpour, P., Amini Chermahini, F. & Godderis, L. Air pollution, environmental chemicals, and 
smoking may trigger vitamin D deficiency: Evidence and potential mechanisms. Environ. Int. 122, 67–90 (2019). 
 
DBP: vitamin D binding protein; RPL: remnant lipoproteins 
25-Ohase: 25-hydroxylase; 1-Ohase: 1α-hydroxylase; 24-Ohase: 24-hydroxylase 
7-DHC: 7-dehydrochlesterol; VDR: vitamin D receptor; PTH: parathyroid Hormone; Ca: Calcium,; P: Phosphate 
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Figure 2: Vitamin D Status 

 

 

 

 

This Figure was created by Mandy Fisher. 

Reference: Chun & Neilson. Vitamin D (4th ed). Vol 1: biochemistry, Physiology, and 
Diagnostics. Ch 51. 2018. pages 925-937  
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