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A B S T R A C T   

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 re-
lationships 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 bidi-
rectional 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.   

1. 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 (Schröder-Heurich et al., 2020; Baeke et al., 2010; Norman, 
2008). During pregnancy, the immune system must balance maternal 
tolerance of foreign proteins and protection from pathogens (Abu-Raya 
et al., 2020). Imbalances in this process are suspected to cause preg-
nancy complications (Wagner and Hollis, 2018). The cut-point for 
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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 (Vitamin 
and Ross, 2011). 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 be-
tween serum 25OHD <50 nmol/L and adverse pregnancy conditions 
related to the immune system, including recurrent pregnancy loss, 
preterm birth, and preeclampsia (Schröder-Heurich et al., 2020; Qin 
et al., 2016). 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 (Saraf et al., 2016). In North America, national 
surveys suggest that 41% of pregnant women and adults of reproductive 
age 20–29 have levels below 50 nmol/L (Statistics Canada, 2013; Ginde 
et al., 2010). 

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 (Kido et al., 1985; Nogawa 
et al., 1987, 1990). Workers with higher lead (Pb) exposure show lower 
concentrations of serum 25OHD compared to controls (Dongre et al., 
2013; Datta et al., 2019; Mazumdar et al., 2017). 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 are associated with lower 
blood metals in pregnant women and children (Chang et al., 2014; Rosen 
et al., 1980; Arbuckle et al., 2016). 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 (Jukic et al., 2020). 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 bidirec-
tional association between these metals and 25OHD. 

2. Methods 

2.1. Study design 

The MIREC Study (Arbuckle et al., 2013) is a national-level preg-
nancy cohort of 2001 women recruited from 10 cities across Canada 
(Vancouver, Edmonton, Winnipeg, Sudbury, Toronto, Hamilton, King-
ston, 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 abnor-
malities 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 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), be-
tween 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 Fig. 1). 

2.2. 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 min between 9:00–16:00. 

2.3. Specimen collection and laboratory analysis 

Maternal whole blood specimens were analyzed at the Centre de 
Toxicologie du Québec (CTQ), Institut national de Santé Publique du 
Québec (INSPQ) for Pb and Cd concentrations (Arbuckle et al., 2016). 
Maternal blood plasma collected in the 1st and 3rd trimester and at 
delivery was analyzed for 25-hydroxyvitamin D3 and 25-hydroxyvita-
min D2 at Health Canada’s Foods Directorate Laboratory (Weiler 
et al., 2021). 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% (Weiler et al., 
2021). The immunoassay results were standardized to the LC-MS/MS 
using a calibration equation (standardized y = 5.36 + 0.96 (original 
immunoassay)) (Sarafin et al., 2015). Therefore all the samples were 
standardized to the international reference measurement procedures 
(Durazo-Arvizu et al., 2017), producing uniformity across the 25OHD 
results. 

2.4. Covariates 

We selected confounders using a Directed Acyclic Graphs (DAGs) 
(Textor and Hardt, 2011; Hernán et al., 2004). We consider variables as 
potential confounders if they could be associated with both 25OHD 
levels and toxic metal exposure but were not conceptualized as inter-
mediate 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 (0–4+ servings), 
study site, 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. 

2.5. 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 sta-
tistics 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 correla-
tion 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 
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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 associ-
ated 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 (Ganguly et al., 2018) and smokers show lower 
25OHD (Banihosseini et al., 2013), we examined effect modification by 
smoking status by introducing a cross-product term in the models. In 
addition, to descriptively investigating heterogeneity of the association 
between Cd or Pb and 25OHD according to smoking status, we also 
stratified by smoking status (Never or Former vs. Current or 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 trans-
formed) 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 estimates 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 (Felt et al., 2017). The use of LGCM 
allows us to adjust for time-varying covariates (Kiang, 2010). Therefore 
we considered both observed fixed (sociodemographics, parity, 
pre-pregnancy BMI, study site) and time-varying (season, smoking sta-
tus, 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 the covariance matrix estimated by the model are 
comparable and not statistically different (Kline, 2016). 

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 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 (Allison et al., 2017; Amorim et al., 2010). 
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 ef-
fects) (Kearney, 2017). This helps to rule out the possibility that the 

effect of X1 on Y2 is driven by the correlation between X1 and Y1 (Selig 
and Little, 2012). See equation below: 

X2  =  β1X1  +  β2Y1  +  βnXn  +  μx  

Y2  =  β3Y1  +  β4X1  +  βnXn  +  μy 

Where X1, X2, Y1, Y2 represent a metal (X) and 25OHD (Y) concen-
tration 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 βnХn represents a matrix of confounders. The residual 
covariance (r) at the same cross-sectional time point represents the 
leftover error (μx and μy) (Kumar et al., 2020). 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 (Raykov et al., 
2013). Thus, the model allows for estimation of parameters and standard 
errors but no interpretation of model fit can be made because it inher-
ently gives perfect model fit (Hamaker et al., 2015). 

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 trans-
formed 25OHD, to be consistent with the metals, so the β estimates 
represent the change in log2(Y) per doubling in the predictor variable. 
Percent change in the outcome was calculated using the formula: % 
change = (2β-1)*100 (See SI Table S1). We also present standardized 
coefficients to compare causal predominance (Kearney, 2017). 

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 (Kline, 2016). 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 package 
(Alkarkhi and Alqaraghuli, 2020) and SAS Enterprise Guide 7.1 (SAS 
Enterprise Guide, 2017). 

3. 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 sociodemographics (See SI Table S2). Most participating 
pregnant women were married, close to 40% had a household income 

Fig. 1. MIREC study pregnancy visits and maternal biomarker sample sizes.  
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above $100,000 CAD and were highly educated, with over 80% having 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. 

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 (Vitamin and Ross, 2011; Health 
Canada. Vitamin D, 2020) 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 preg-
nancy (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 con-
centrations 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). 

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 
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 
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. 
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3.1. 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 Fig. 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: 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. 

3.2. 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 Fig. 3 and 
SITable S7). In the adjusted models, we saw no evidence of an associa-
tion 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 esti-
mate 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. 

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 (see 
Fig. 3). 

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 81.50 106.16 194.80 66.23 
3rd trimester nmol/L 1649 <3, <10 0.1% 1.50 60.50 77.36 78.56 95.02 121.52 293.40 73.62 
Delivery nmol/L 1542 <3, <10 0.1% 1.50 57.90 74.70 75.71 91.20 121.00 245.20 70.54 

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

Fig. 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 de-
livery. 
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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3.3. Is there a bidirectional association? 

In the cross lag panel models (See Fig. 4) all of the biomarkers (Cd, Pb 
and 25OHD) show large autoregressive effects (i.e. 0.51–0.72) sug-
gesting little variation of these biomarkers over time, and therefore a 
need to consider influence from the previous time point in interpreting 
longitudinal associations (Kearney, 2017). In both models, we saw a 
weak association between 1st trimester metals and 3rd trimester 
25OHD. The strongest cross lagged association appears to be the 

association between 1st trimester 25OHD and 3rd trimester metal con-
centrations in both the unstandardized (See Fig. 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 control-
ling for both the autoregressive and cross-lagged association (i.e. the 
residual covariance) 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 

Fig. 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 edu-
cation, parity, income, maternal age, pre-pregnancy 
BMI, maternal ethnicity and study site. Time vary-
ing covariates measured in 1st and 3rd trimester: 
smoking status, season, time spent outside, general 
fish consumption in the past 3 months.   

Fig. 4. Cross lagged panel model for Bi-directional analysis of lead (Pb) and cadmium (Cd) and 25-hydroxyvitamin D (250HD). 
Cross Lagged Effects (green crossed arrows); Autoregressive Effects (effect of variable on itself); Covariance (blue double headed arrows); 25OHD, Cd and Pb log2 
transformed: Cross lagged effects represent the log2 change in outcome per doubling in exposure. 
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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. 

4. Discussion 

In this study we investigated the relationship of low-level maternal 
blood concentrations of Cd and Pb on 25OHD concentrations in preg-
nancy and examined whether there is a bidirectional relationship be-
tween 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) (Health Canada. Report on, 2010). The 25OHD con-
centrations 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 (Health Canada. Vitamin D, 2020). 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) (Janz and 
Pearson, 2007). 

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 concen-
trations in the 3rd trimester and at delivery (See Fig. 2), particularly in 
smokers (See SI Figure S4). Studies of male smelter workers (Chalkley 
et al., 1998), lead exposed battery manufacture workers (Dongre et al., 
2013; Datta et al., 2019), and lead-exposed jewellery workers 
(Mazumdar et al., 2017) 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 
(Nogawa et al., 1987, 1990; Uchida et al., 2007; Aoshima, 2012; 
Aoshima and Kasuya, 1991) also show inverse associations with serum 
25OHD and vitamin D’s hormonally active form, calcitriol. 
Cross-sectionally, lower 25OHD concentrations were seen among chil-
dren with higher (≥60 ug/dl) compared to lower blood Pb (≤29 ug/dl) 
concentrations prior to chelation therapy (Rosen et al., 1980). In 
contrast, no association was observed in a cross-sectional study between 
blood concentrations of Pb and 25OHD in Mexican children (12–15 yrs) 
(Zamoiski et al., 2014). 

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 gesta-
tional age (SGA), preterm birth, low birth weight and preeclampsia 
(Bärebring et al., 2016, 2018). 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 Fig. 3 and SI Table S7). 

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 (Kear-
ney, 2017). The cross lagged panel model controls for both contempo-
raneous 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 (Selig and Little, 2012). 
Our results show that the inverse association between 1st trimester 
25OHD concentrations and 3rd trimester metals is the strongest cross 
lagged effect (See Fig. 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 (Jukic et al., 2021). Women with low 1st trimester 25OHD 
concentrations (<50 nmol/L) had 47% higher urinary lead concentra-
tions in the 2nd trimester. A previous analysis of the MIREC study 
(Arbuckle et al., 2016) 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 con-
centrations in pre-menopausal women (Jackson et al., 2010). 
Cross-sectional studies among children in the U.K. (Box et al., 1981) and 
south east China (Chang et al., 2014) show inverse correlations between 
serum 25OHD and blood Pb levels. Chang et al. (2014) found that a 
greater proportion of children with 25OHD concentrations ≥39 ng/ml 
had lower blood lead concentrations (61.4%) than children with insuf-
ficient (24.4%) or deficient (14.1%) 25OHD concentrations. 

The mechanism by which higher early pregnancy 25OHD concen-
trations 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 (Schwalfenberg and Genuis, 
2015). 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 ab-
sorption of these divalent cations (Bronner, 2003). 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 pro-
duction in the skin resulted in an increase in Ca2+-binding protein, in 
turn causing the increased absorption of lead (Moon, 1994). A recent 
randomized controlled trial of vitamin D supplementation in Bangladesh 
(Jukic et al., 2020) 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 metallothioneine levels (Karasawa et al., 1987) which could 
promote clearance of Cd (Klaassen et al., 1999). Finally, a recent study 
showed that vitamin D supplementation increased gut microbial di-
versity (Singh et al., 2020) which could potentially modify the metal 
uptake pattern in the gut (Duan et al., 2020). 
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4.1. 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 concen-
trations later in pregnancy but also to investigate the reverse associa-
tion. 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 as-
sumes that the measurements at each time point occurred at the exact 
same time (Kearney, 2017). In MIREC participants were given 
time-windows to schedule visits (See Fig. 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 (Hosseinpanah et al., 2010). 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 (Arbuckle et al., 2013). 

5. 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 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 (Kumar and 
Sharma, 2019; Dórea, 2019), further research into the possible modi-
fying effects of early pregnancy vitamin D status on Cd and Pb con-
centrations is warranted. 
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