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Abstract 

Background  Gestational exposure to toxic environmental chemicals and maternal social hardships are individu-
ally associated with impaired fetal growth, but it is unclear whether the effects of environmental chemical exposure 
on infant birth weight are modified by maternal hardships.

Methods  We used data from the Maternal-Infant Research on Environmental Chemicals (MIREC) Study, a pan-Cana-
dian cohort of 1982 pregnant females enrolled between 2008 and 2011. We quantified eleven environmental chemi-
cal concentrations from two chemical classes – six organochlorine compounds (OCs) and five metals – that were 
detected in ≥ 70% of blood samples collected during the first trimester. We examined fetal growth using birth weight 
adjusted for gestational age and assessed nine maternal hardships by questionnaire. Each maternal hardship vari-
able was dichotomized to indicate whether the females experienced the hardship. In our analysis, we used elastic 
net to select the environmental chemicals, maternal hardships, and 2-way interactions between maternal hardships 
and environmental chemicals that were most predictive of birth weight. Next, we obtained effect estimates using 
multiple linear regression, and plotted the relationships by hardship status for visual interpretation.

Results  Elastic net selected trans-nonachlor, lead, low educational status, racially minoritized background, and low 
supplemental folic acid intake. All were inversely associated with birth weight. Elastic net also selected interac-
tion terms. Among those with increasing environmental chemical exposures and reported hardships, we observed 
stronger negative associations and a few positive associations. For example, every two-fold increase in lead concen-
trations was more strongly associated with reduced infant birth weight among participants with low educational 
status (β = -100 g (g); 95% confidence interval (CI): -215, 16), than those with higher educational status (β = -34 g; 95% 
CI: -63, -3). In contrast, every two-fold increase in mercury concentrations was associated with slightly higher birth 
weight among participants with low educational status (β = 23 g; 95% CI: -25, 71) compared to those with higher 
educational status (β = -9 g; 95% CI: -24, 6).

Conclusions  Our findings suggest that maternal hardships can modify the associations of gestational exposure 
to some OCs and metals with infant birth weight.
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Background
Fetal growth is a complex process impacted by various 
factors including psychosocial stressors, toxic chemi-
cals, nutrition, placental function, and the actions of 
many intrauterine hormones and growth factors [1]. Fetal 
growth restriction, commonly assessed by infant birth 
weight for a given gestational age [2], occurs when the 
fetus does not reach its intrauterine potential for growth 
and development [3]. It is an important determinant 
for the risk of infant mortality and the development of 
chronic diseases [2].

Recent studies have found that impaired fetal growth 
is associated with gestational exposure to toxic environ-
mental chemicals, which are ubiquitous in our environ-
ment, food sources and personal care products [1, 4, 5]. 
However, few have reported contradictory results [1, 6]. 
In our previous work, we reported associations of two 
classes of environmental chemicals – metals and organo-
chlorine compounds (OCs) – with reduced infant birth 
weight [7]. We found that first trimester blood concen-
trations of trans-nonachlor, an organochlorine com-
pound (OC), and lead (Pb), a toxic metal, were inversely 
associated with birth weight. Every twofold increase in 
trans-nonachlor and Pb concentrations was associated 
with reduced birth weight by an average of 38 g (g) (95% 
confidence interval (CI): -67, -10) and 39 g (95% CI: -69, 
-9), respectively. Our study, however, did not consider the 
effects of non-chemical stressors such as maternal hard-
ships [8–10].

Recent research by Goin et  al. (2021) reported that 
maternal hardships such as stressful life events, food 
insecurity, living alone and facing unplanned pregnancy 
can interact in pairwise fashion to adversely affect fetal 
growth [11], potentially via behavioral, physiological or 
immunological mechanisms [11–14]. These 2-way inter-
actions observed are supported by Knudson’s “two-hit” 
hypothesis, where it was found that two gene muta-
tions are needed for retinoblastoma, a childhood cancer 
of the retina, to develop [13]. The major implication of 
this “two-hit” hypothesis is that two distinct gestational 
stressors are needed to affect an outcome. Thus, gesta-
tional exposure to environmental chemicals and maternal 
hardships may interact and jointly influence fetal growth.

While there is robust evidence of an association 
between either chemical exposures or maternal hard-
ships and fetal growth, there is a paucity of research on 
the joint associations of chemical exposures and mater-
nal hardship on fetal growth. Aker et  al. (2020) found 
evidence, among the 752 Puerto Rican females from 
the Puerto Rico Testsite for Exploring Contamination 
Threats (PROTECT) cohort, that life event score or 
stress interacted with bisphenol-S and triclocarban expo-
sures to modify their associations with gestational length 

[15]. Although Aker et al. (2020) did not examine metals 
and OCs specifically, their observation supports further 
exploration of maternal hardships as an effect modifier in 
the associations between environmental chemicals and 
fetal growth.

We assessed the independent associations of nine 
maternal hardships including self-reported belonging to 
a racially minoritized group, immigrant status, financial 
strain, low supplemental folic acid intake, low educa-
tional status, living status, lone parenthood, experiencing 
chronic diseases, and being a student, on birth weight and 
the potential modifying effects of these maternal hard-
ships on the associations between OCs and metals and 
birth weight among a cohort of 1982 Canadian females 
and their infants who participated in the Maternal-Infant 
Research on Environmental Chemicals (MIREC) Study.

Methods
Study participants
We analyzed data from the MIREC Study, a cohort study 
of 1982 pregnant females recruited between 2008 and 
2011 from ten Canadian cities. The goal of the MIREC 
Study was to obtain Canadian biomonitoring data on 
pregnant females and examine associations between 
prenatal exposure to environmental chemicals with 
pregnancy and child health outcomes [16]. Detailed 
information on demographic and lifestyle factors were 
collected from questionnaires administered at recruit-
ment in the first trimester. Eligibility criteria and exclu-
sions are described in Arbuckle et al. (2013) [16]. For the 
present study, we included females who had complete 
socio-demographic information, provided biological 
samples during the first trimester of the pregnancy, and 
delivered singleton live births. Participants with missing 
information were excluded from the analysis (Supple-
mental Figure S1).

Fetal growth measurement
To examine fetal growth, we considered infant birth 
weight adjusted for gestational age (GA) [17, 18]. We 
used cubic splines to allow infant birth weight curves 
to vary across gestation in a smooth manner [18]. Both 
infant birth weight, measured in grams (g), and GA, 
measured in weeks, were abstracted from the medical 
records and examined as continuous variables.

Biomarkers of prenatal environmental chemical exposure
We measured environmental chemical exposures using 
biomarkers in blood samples collected from MIREC 
participants during the first trimester of pregnancy. Bio-
marker analysis was conducted at the Toxicology Labora-
tory of the Institut national de santé publique du Québec 
(INSPQ) using previously described methodology 
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[19–21]. A brief description of the laboratory analysis 
method can be found in Supplemental Appendix A.

In our previous analysis, we reported associations 
between two classes of environmental chemicals – metals 
and OCs – and reduced infant birth weight [7]. Hence, 
in this study, we limited our analysis to OCs and metals 
only. We retained biomarkers that were detected in at 
least 70% of the samples [22]. These included six plasma 
OCs (polychlorinated biphenyl (PCB) 118, PCB 180, 
Aroclor 1260 (consists of PCB 138 and 153), dichlorodi-
phenyldichloroethylene (DDE), oxychlordane, and trans-
nonachlor) and five whole blood metals or metalloids 
(arsenic (As), cadmium (Cd), mercury (Hg), manganese 
(Mn), and lead (Pb)).

We imputed measurements below the limit of detec-
tion (LOD) using the single imputation “fill-in” approach 
where the log2 chemical concentrations lower than the 
LOD were randomly sampled from a truncated lognor-
mal distribution with mean and standard deviation (SD) 
estimated from the observed data [22]. To account for 
individual-level variability in lipid levels, we standardized 
OC concentrations by total plasma lipid concentrations 
and expressed them in units of ng/g lipids [23]. Standard-
ization was only applied when presenting the descriptive 
statistics on the environmental chemical concentrations. 
Otherwise, total lipids was included as a covariate in 
regression models [23, 24]. Due to the highly correlated 
nature of PCB 153 and PCB 138, INSPQ summed and 
multiplied them by a factor of 5.2 to create Aroclor 1260 
[25]. To reduce the potential influence of outliers due to 
the right skewed distributions of chemical concentra-
tions, the concentrations were log2-transformed before 
inclusion in the models. The transformed unit indicates a 
two-fold increase in concentrations. Furthermore, before 
creating the interaction terms with maternal hardships 
to examine their joint associations, the log2-transformed 
chemical concentrations were median-centered to 
improve interpretation and decrease the multicollinear-
ity effects, which would affect model convergence and 
inflate the standard errors [26].

Maternal social hardships
We selected maternal social hardship variables based 
on factors related to social determinants of health [27]. 
We used a questionnaire administered at baseline [16] 
to capture responses that signal indicators of hard-
ships directly affecting the study participants. The eight 
maternal hardships included self-reported belonging to 
a racial and ethnic minoritized group [8, 28], immigrant 
status [28, 29], financial strain [9, 28], low supplemental 
folic acid intake [30, 31], low educational status [8, 9], liv-
ing status [32, 33], lone parenthood [34, 35], and expe-
riencing chronic diseases [36, 37]. Furthermore, we also 

examined whether being a student is a potential mater-
nal hardship. Each hardship variable was dichotomized 
to indicate whether a study participant experienced the 
hardship or not.

Race has definitions ranging from biological to social 
and its operationalization as a variable in research has 
been debated [38]. Race or having a racially minoritized 
background, as reported here, is considered a social con-
struct that reflects lived experiences of systematic dis-
crimination [39]. We classified participants who reported 
their racial or ethnicity status as non-white as belonging 
in a racially minoritized group [40].

Participants who reported their birth country as coun-
tries other than Canada were considered immigrants and 
faced hardship associated with being immigrants. Par-
ticipants were classified as having financial strain if their 
reported annual household income was below $20,000, 
which is approximately the 2008 Canada poverty line for 
a two-person household [41]. Folate is a key pregnancy 
nutrient and pregnant individuals with hardship of food 
insecurity are more likely to have inadequate folic acid 
supplementation [30, 31]. We classified participants with 
daily folic acid supplementation levels below 400 µg per 
day as low supplemental folic acid intake given that they 
did not meet the recommended intakes for females at 
low-risk for a neural tube defect-affected pregnancy [42]. 
Supplemental folic acid intake was assessed via a struc-
tured survey conducted at 16-weeks’ gestation where 
participants were asked to list all the supplements they 
took in the past 30 days. The product information and 
intake frequency were used to calculate daily total folic 
acid consumption from supplements [43]. However, 
when supplement information was missing from this 
30-day recall form, we then estimated the supplement 
information using the 24-h recall form (also completed at 
16-weeks’ gestation) (n = 41; 2%) or if necessary, the base-
line questionnaire, completed between 6- and 13-weeks’ 
gestation, where participants were asked to list all the 
supplements they had taken within the past 3 months 
(n = 462; 23%).

Participants who reported their highest educational 
level achieved as high school diploma or less were clas-
sified as having low educational status. For living status, 
participants who reported not living with a roommate, 
spouse, partner, or parents were classified as living alone. 
Participants with marital status as single (i.e., not married 
or not with the same partner for 1 year or more) were 
classified as having a hardship of lone parenthood. Par-
ticipants who responded affirmatively to “Do you have 
any chronic medical condition(s)?” were classified as hav-
ing chronic disease(s). Here, chronic medical condition 
was defined as any condition that treatment can manage 
but not cure. Examples of such conditions include high 
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blood pressure, diabetes, and other pre-existing condi-
tions prior to pregnancy such as asthma, depression, 
arthritis, heart conditions, and psoriasis. Lastly, we also 
examined whether being a student is a potential maternal 
hardship. Participants who answered yes to the question 
“are you currently attending school?” were classified as 
being current students.

Covariates
We created a directed acyclic graph (Figure S2) to iden-
tify predictors of infant birth weight and factors associ-
ated with both environmental chemical exposure and 
infant birth weight. Additionally, we identified predic-
tors of maternal hardships and infant birth weight. The 
following, derived from the baseline questionnaire, were 
examined: maternal age (under 25, ≥ 25 to < 30, ≥ 30 
to < 35, ≥ 35 to < 40, and ≥ 40), race and ethnicity (white, 
non-white), education (high school diploma or less, col-
lege or trade school diploma, undergraduate university 
degree, and graduate university degree), cigarette smok-
ing status (never, current, former, and quit during preg-
nancy), parity (0, 1, 2, ≥ 3), infant sex (male and female) 
and pre-pregnancy body mass index (BMI) (underweight, 
normal, overweight, and obese). We adjusted for the 
non-linear effect of gestational age (GA) as a covariate on 
birth weight using the cubic spline approach [18]. For OC 
models, we additionally adjusted for plasma lipid concen-
trations. For models assessing maternal hardship belong-
ing to a racially minoritized group, we did not adjust for 
maternal race and ethnicity. For models assessing mater-
nal hardship low educational status or low income, we 
did not adjust for maternal education.

Analytical approach
We first tabulated participant characteristics, exam-
ined the relations between maternal hardship variables 
using Cramer’s V correlation coefficients, and calculated 
geometric means and percentiles of the environmental 
chemicals. We then proceeded to examine the moderat-
ing influence of maternal hardships on the relationship 
between OC and metal exposures and birth weight by 
using elastic net regression to choose which variables to 
include in our models.

Elastic net is a machine learning method that is built 
on conventional regression with an added penalty 
term [44, 45]. The penalty term biased the estimates to 
reduce overfitting and improve prediction on data not 
used in the model fitting procedure. There are two pen-
alty parameters (i.e., ɑ and λ) that can be tuned to pro-
duce the best performing model. The quantity ɑ adjusts 
the balance between lasso and ridge penalty and has a 
range of 0 to 1. When ɑ is 1, the model is a lasso model 
and when ɑ is 0, the model is a ridge regression model. 

Furthermore, when ɑ is closer to 1, the elastic net model 
will focus more on selection and when the ɑ is closer to 0, 
the model can better handle multicollinearity. The second 
tuning parameter λ controls the magnitude of the penalty 
where smaller λ leads to estimates that are closer to those 
of conventional regression method. To determine the 
optimal degrees of penalization, we used cross-validation 
and tested the models over a grid of ɑ and λ sequences.

We used elastic net for variable selection purposes in 
order to reduce multicollinearity and to ensure that only 
important variables and interaction terms are included 
in the model, thus potentially reducing the probability 
of type I errors. Eventhough elastic net can account for 
multicollinearity, we created separate models for the OC 
compounds and the metals to avoid the curse of dimen-
sionality, which will result in decreased statistical power 
to detect a true effect [44]. In each model, the depend-
ent variable was birth weight adjusted for gestational 
age, and the predictor variables included all environmen-
tal chemicals in the same chemical class, all the mater-
nal hardships, and the interaction terms between the 
environmental chemicals and the hardships (e.g., Pb x 
low education). The covariates and the cubic spline ges-
tational age were adjusted in the elastic net regression 
model as unpenalized variables.

For parameter estimation and calculating 95% CIs, it 
has been recommended that penalized regression, such 
as elastic net regression, be used to select the model first 
and then the selected model be used in an unpenalized 
regression (i.e., ordinary least squares (OLS) regression 
models) to quantify the associations of gestational expo-
sures to individual environmental chemicals with infant 
birth weight, while adjusting for covariates [45, 46]. This 
utilizes the predictive power of the overall modeling 
procedure while maintaining the interpretability of the 
individual estimates. We therefore fitted the subset of 
variables and the interaction terms selected and inferred 
to be important by elastic net in OLS regression mod-
els. The selected environmental chemicals and maternal 
hardships were entered into the OLS regression models 
individually and adjusted for covariates. The selected 
interaction terms were also entered into OLS regression 
models that included both the main effects and the inter-
action terms and adjusted for covariates. We examined 
the associations based on hardship levels, screened for 
suggestive associations with p-values of 0.1 and 0.05, and 
visualized the relationships graphically using interaction 
plots with 95% CI bands.

Furthermore, using Cook’s distance [47], we identi-
fied and removed one influential outlier that negatively 
affected the models. All analyses were conducted using 
Microsoft R Open version 3.5.1 and elastic net models 
were fitted using the glmnet package [48].
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Supplemental analyses
We conducted additional analyses using first trimester 
plasma total folate concentrations instead of supple-
mental folic acid intake. Plasma total folate, a biomarker 
of folate status, specifically of recent folate intake, was 
measured by LC–MS/MS, as previously described [43]. 
Currently, no cutoff values for either low or high concen-
trations or a reference range for plasma total folate have 
been identified for fetal growth [49] but 25.5 nmol/L was 
estimated as a potential cut-off for neural tube defects 
(NTD) risk reduction [50]. Among the MIREC par-
ticipants, less than 0.5% (n = 8) had a plasma total folate 
concentration < 25.5 nmol/L, while approximately 5% 
(n = 104) reported a low total daily supplemental folic 
acid intake of < 400 μg/day. Therefore, to allow for easier 
comparison of the low plasma total folate and the low 
supplemental folic acid intake effects and to mitigate 
issues with low sample size, we selected the 5th percen-
tile of plasma total folate (51.5 nmol/L) as the cutoff value 
to indicate low folate status.

GA is a potential mediator in the relationship between 
environmental chemical exposures and birth weight [51]. 
To rule out any bias or over-adjustment in our models, 
we conducted additional analyses that excluded GA as a 
covariate in the models. Lastly, we summed the number 
of hardships to examine the association between cumula-
tive hardship and birth weight.

Results
Descriptive statistics
We included a total of 1982 MIREC participants in the 
analysis (Figure S1). Most of the MIREC participants 
were white (82%), over 30 years of age (70%) with at least 
an undergraduate degree or higher (63%), never smoked 
(61%) and had normal BMI (61%). Forty-four percent 
were nulliparous and 53% had male infants. Mater-
nal characteristics associated with lower birth weight 
included being non-white, older age, lower educational 
status, smoking, underweight BMI, and nulliparity. 
Female infants weighed on average 100 g lower at birth 
compared to males (Table 1).

From the Cramer’s V correlation coefficient plot (Fig-
ure S3), we observed low to moderate correlations (0 to 
0.5) between the maternal hardship variables. The most 
commonly experienced maternal hardships were hav-
ing a chronic disease (25%), being an immigrant (19%) 
and belonging to a racially minoritized group (18%). The 
least common maternal hardship was living alone (2%). 
All hardships, except for being a student, were associated 
with lower birth weight (Table 2).

More than half of the participants (57%) reported hav-
ing at least one maternal hardship(s) (Table S1). The most 
common hardships occurring together were immigrants 

with racially minoritized background at 10%, followed by 
low education with racially minoritized background, and 
immigrants who were students, both at 3% (Table  S2). 

Table 1  Participant sociodemographic characteristics and mean 
birth weight (grams) among MIREC study participants in Canada, 
2008–2011

a numbers may not sum up to total due to missing data

n (%)a Birth weight (g)
Mean (SD)

Total 1982 (100) 3452 (532)

Race and ethnicity

  White 1517 (82) 3479 (529)

  Others 339 (18) 3334 (529)

Age

  ≤ 24 117 (6) 3404 (617)

  25–29 443 (24) 3483 (505)

  30–34 655 (36) 3452 (495)

  35–39 502 (27) 3444 (570)

  40 +  127 (7) 3428 (561)

Education levels

  High school diploma or less 160 (9) 3381 (571)

  Some college, trade school, 
or college diploma

538 (29) 3444 (546)

  Undergraduate degree 681 (37) 3486 (512)

  Graduate degree 475 (26) 3435 (528)

Household income

  ≤ $20,000 72 (4) 3348 (515)

  $20,001—$40,000 152 (9) 3445 (572)

  $40,001—$60,000 187 (11) 3458 (543)

  $60,001—$80,000 286 (16) 3457 (530)

  $80,001—$100,000 358 (20) 3440 (531)

  > $100,000 715 (40) 3475 (516)

Smoking status

  Never 1137 (61) 3442 (520)

  Current 105 (6) 3366 (657)

  Former 498 (27) 3496 (517)

  Quit during Pregnancy 115 (6) 3432 (569)

Parity

  0 812 (44) 3407 (546)

  1 751 (40) 3496 (508)

  2 221 (12) 3469 (559)

  3 +  72 (4) 3454 (502)

Pre-pregnancy BMI

  Underweight 49 (3) 3302 (503)

  Normal 1040 (61) 3429 (496)

  Overweight 371 (22) 3515 (521)

  Obese 258 (15) 3466 (647)

  Infant Sex

  Male 974 (53) 3500 (534)

  Female 877 (47) 3399 (524)
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Furthermore, we detected most chemicals in over 90% 
of study participants, with the exception of PCB 118 
and trans-nonachlor with 74% and 84% detection rates, 
respectively (Table S3).

Variables and interaction terms that were selected 
in the elastic net models of infant birth weight
In the OC model, trans-nonachlor and three maternal 
hardship variables (i.e., low educational status, racially 
minoritized background, and low supplemental folic acid 
intake) were selected and inferred as important contribu-
tors in the elastic net regression of infant birth weight 
model. Elastic net identified sixteen interaction terms as 
important (Fig. 1).

In the metal model, Pb and the same three maternal 
hardship variables (i.e., low educational status, racially 
minoritized background, and low supplemental folic acid 

intake) were selected. Elastic net identified eleven inter-
action terms as important (Fig. 2).

Independent associations between environmental 
chemical exposure and infant birth weight
Our elastic net variable selection results agreed with 
those of Bayesian Kernel Machine Regression method 
from our previous study [7]. Both mixture methods indi-
cated the importance of trans-nonachlor and Pb expo-
sures, which were negatively associated with infant birth 
weight (Table 3). Every doubling of trans-nonachlor and 
Pb concentrations corresponded to a 37 g (95% CI: -65, 
-8) and a 38 g (95% CI: -68, -8) reduction in birth weight, 
respectively.

Independent associations between maternal hardships 
and infant birth weight
 We found that all three hardships selected by elas-
tic net (i.e., low educational status, racially minoritized 
background and low supplemental folic acid intake) had 
negative associations with birth weight (Table 3). Infants 
born to females with a high school diploma or less had 
lower birth weight ( β = -103 g; 95% CI: -185,-21) com-
pared to those born to more educated females. Infants 
born to females with racially minoritized background 
had lower birth weight ( β = -78 g; 95% CI: -130,-26) 
compared to those born to white females. Lastly, infants 
born to females with low supplemental folic acid intake 
had lower birth weight ( β = -61 g; 95% CI: -152, 31) com-
pared to those born to females who met or exceeded rec-
ommended folic acid intakes. 

Regression analysis of the modifying effect 
of maternal social hardships on the relationship 
between environmental chemical exposure and infant 
birth weight
We found that maternal hardships can modify the 
strength of the relationships (i.e., steeper negative slope 
and lower birth weight) or the direction of the rela-
tionships (i.e., positive slope and higher birth weight) 
between biomarker of exposure to OCs and metals and 
birth weight. Although the 95% CIs were imprecise, some 
associations showed statistical significance at the 0.05 
level (Tables 4 and 5).

OCs
Among the OCs, we observed negative (e.g., trans-
nonachlor) to no associations (e.g., PCB 118) with birth 
weight for females who did not report any of the hard-
ships examined. For trans-nonachlor and Aroclor 1260, 
we observed larger than expected negative associations 
on mean birth weight among females with hardships 
(Fig.  1A and D). For example, each twofold increase in 

Table 2  Participant hardship characteristics and mean birth 
weight (grams) among MIREC study participants in Canada, 
2008–2011

a numbers may not sum up to total due to missing data

n (%)a Birth weight (g)
Mean (SD)

Total 1982 (100) 3452 (532)

Racially minoritized background

  Yes 339 (18) 3333 (529)

  No 1517 (82) 3479 (529)

Low income

  Yes 72 (4) 3348 (515)

  No 1698 (96) 3460 (529)

Low education

  Yes 160 (9) 3380 (571)

  No 1649 (91) 3458 (528)

Lone parenthood

  Yes 87 (5) 3398 (626)

  No 1769 (95) 3455 (527)

Living alone

  Yes 36 (2) 3384 (645)

  No 1820 (98) 3454 (529)

Current student

  Yes 201 (10) 3461 (484)

  No 1763 (90) 3451 (537)

Immigrant

  Yes 370 (19) 3379 (549)

  No 1612 (81) 3469 (526)

Low supplemental folic acid intake (< 400ug/day)

  Yes 104 (5) 3361 (523)

  No 1878 (95) 3457 (532)

Having chronic illnesses

  Yes 491 (25) 3404 (579)

  No 1476 (75) 3467 (514)
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trans-nonachlor concentration was associated with a 
lower mean birth weight of -128 g (95% CI: -238, -19) 
among those with low income and -44 g (95% CI: -90, 2) 
among immigrants (Table  4). Meanwhile, infants born 
to higher income females or Canadian-born females 
had smaller birth weight reductions of 39 g (95% CI: -69, 
-10) and 33 g (95% CI: -67, 1), respectively. Similarly, we 
observed steeper negative slopes for those with increas-
ing PCB 118 concentrations and belonging to a racially 
minoritized group (Fig.  1B-i), increasing PCB 118 con-
centrations and inadequate supplemental folic acid intake 
(Fig.  1B-ii), increasing PCB 180 concentrations and 
immigrant status (Fig. 1C-i), and increasing oxychlordane 
concentrations and low income (Fig. 1E-iii). Furthermore, 
students with increasing exposure to environmental 
chemicals also showed steeper curves and greater birth 
weight reduction, compared to non-students. However, 
the dose response curves crossed over indicating that 
students had initial gains in birth weight at low exposure 
compared to non-students but as exposure increased, 
greater reduction in birth weight was observed (Fig. 1D-ii 
and E-iv).

We observed a change in direction for the following 
associations: PCB 118 × low income (Fig.  1B-iii), PCB 
180 × lone parenthood (Fig.  1B-iv), oxychlordane x low 
education (Fig. 1E-ii), and DDE x low supplemental folic 
acid intake (Fig.  1F). Among those who reported hard-
ships, we saw a gain, on average, in birth weight of at least 
21 g (95% CI: -69, 111) for infants born to females with 
increasing oxychlordane concentrations and low educa-
tion to a maximum of 76 g (95% CI: -70, 221) for infants 
born to females with increasing PCB 118 concentrations 
and low income (Table 4). Conversely, among those who 
did not report a hardship, we saw reductions in mean 
birth weight of between 15 g (95: CI: -36, 5) for infants 
born to females with increasing DDE concentrations but 
had adequate supplemental folic acid intake and 30 g (95: 
CI: -60, -0) for infants born to females with increasing 
PCB 118 concentrations but had higher income (Table 4).

Metals
Among the metals, we also observed negative (e.g., 
Pb) to no associations (e.g., As) with birth weight for 
those who did not report hardships. For Pb exposure, 

Fig. 1  Interaction plots as selected by elastic net showing 
the differences in mean birth weight (grams) and 95% 
confidence intervals (shaded bands) associated with exposures 
to organochlorine compounds during the first trimester 
across different levels of maternal hardships. A Interaction plots 
for trans-nonachlor. B Interaction plots for PCB 118. C Interaction 
plots for PCB 180. D Interaction plots for Aroclor 1260. E Interaction 
plots for Oxychlordane. F Interaction plot for DDE
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Fig. 2  Interaction plots as selected by elastic net showing the differences in mean birth weight (grams) and 95% confidence intervals (shaded 
bands) associated with exposures to metals during the first trimester across different levels of maternal hardships. A Interaction plots for Pb. B 
Interaction plots for As. C Interaction plot for Hg. D Interaction plots for Mn. E Interaction plot for Cd
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we observed both a strengthening of association and 
change in direction when combined with hardships. 
Among infants born to females with increasing Pb con-
centrations and low educational status, we observed a 
larger reduction in mean birth weight ( β = -100 g; 95% 
CI: -215, 16) compared to those with higher educa-
tional status ( β = -34 g; 95% CI: -64, -3) (Fig. 2A-i and 
Table 5); while for infants born to females with increas-
ing Pb concentrations and belonging to a racially 
minoritized group, we observed a positive association 
( β = 18 g; 95% CI: -54, 89) and a gain of 68 g, on aver-
age compared to infants born to white females (Fig.  2 
A-ii and Table  5). For As and Cd exposures, among 
those with hardships, we observed stronger associa-
tions (i.e., steeper slope) with birth weight compared 
to those who did not report hardships (Fig. 2B and E). 
Similarly to that of Pb, the associations between As 
and birth weight were stronger (steeper slope) among 
infants born to females with low educational status ( β 
= -58 g; 95% CI: -130, 13), low income ( β = -87 g; 95% 
CI: -189, 15), and lone parenthood ( β = -100 g; 95% CI: 
-201, 1) compared to their counterparts (Fig.  2B and 
Table  5). Furthermore, for Mn and Hg exposures, we 
observed positive associations among those who expe-
rienced hardships. For instance, infants born to females 
with low educational status, compared to those with 
higher educational status, had lower birth weight at low 
Mn or Hg concentration. As Mn or Hg level increased, 
the dose response curve trended upward leading to 
higher birth weights at high Mn or Hg concentrations 
(Fig.  2C and D). One exception to this pattern is lone 
parents with increasing Mn concentrations. A 242 g 
(95% CI: -454, -29) reduction in mean birth weight was 
observed among infants born to single females com-
pared to females who were not single ( β = 20 g; 95% CI: 
-25, 64) (Fig. 2D-iii and Table 5).

Supplemental analyses results
Low first trimester plasma total folate concentrations 
(i.e., < 5th percentile or < 51.5 nmol/L) (Table  S4) was 
associated with a 124 g decrease in birth weight (95% 
CI: -223, -26) in the adjusted model (Table S5). From the 
Cramer’s V correlation coefficient plot (Figure S4), we 
observed low correlations (0 to 0.2) between low plasma 
total folate and other maternal hardship variables.

When we included low plasma total folate (instead 
of low supplemental folic acid intake) in our elastic net 
model, the selections of variables by elastic net for both 
the OC and the metal models were similar except that in 
the metal models, Hg and immigrant status were addi-
tionally selected. In the adjusted models, we observed 
that every doubling of Hg concentration corresponded 
to a 6 g (95% CI: -21, 8) decrease in birth weight and 
infants born to immigrants faced a 21 g (95% CI: -78, 
35) reduction in birth weight compared to those born 
to non-immigrants (Table  S5). Elastic net also identi-
fied three interactions associated with Hg as important: 
Hg x low income, Hg x low plasma total folate and Hg x 
chronic diseases (Table S6). The interaction plot of Hg x 
chronic diseases showed a stronger association (steeper 
slope) indicating greater detriments in birth weight at 
higher Hg concentration for those who reported having 
one or more chronic diseases compared to those who did 
not report any. Meanwhile, the interaction plots of Hg 
x low income and Hg x low plasma total folate showed 
positive associations where the dose response curves for 
those who reported hardship had positive slopes (Figure 
S5). Additionally, we found that adjustment for GA as a 
covariate attenuated the relationships between exposure 
to chemical concentrations and birth weight (Table S5).

Our cumulative hardship analysis found that the pro-
portions of participants who reported no hardship, one 
hardship, and two or more hardships were 43%, 33%, 
and 24% respectively (Table S1). We observed a negative 

Table 3  Differences in mean birth weight (grams) and 95% CI associated with exposure to log2-chemicals and maternal hardships, as 
selected by elastic net, among the MIREC study participants in Canada, 2008–2011

a All models were adjusted for gestational age, race and ethnicity, education, age, BMI, smoking, parity, and baby sex. The OC models also adjusted for total lipids. 
Models assessing hardship of low education and racially minoritized background did not adjust for education and race and ethnicity, respectively, as a covariate

Unadjusted Adjusted for covariatesa

Organochlorine Compounds (OCs)
  trans-Nonachlor -66 (-96, -35) -37 (-65, -8)

Metals
  Lead -56 (-92, -21) -38 (-68, -8)

Maternal Hardships
  Racially minoritized background -145 (-208, -83) -78 (-130, -26)

  Low education -78 (-164, 9) -103 (-185, -21)

  Low supplemental folic acid intake (< 400ug/day) -97 (-205, 12) -61 (-152, 31)
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relationship where a higher number of hardships corre-
sponded to lower mean birth weight (Table  S1). In the 
adjusted model, the presence of one hardship or two or 
more hardships corresponded to lower birth weight of 58 
g (95% CI: -106, -11) and 93 g (95% CI: -148, -39), respec-
tively, compared to no hardship (Table S7).

Discussion
Our findings suggest that maternal hardships that co-
occur with gestational exposure to some OCs and met-
als, may interact and produce greater detrimental effects 
on fetal growth than either exposure alone. For instance, 
trans-nonachlor and oxychlordane were more strongly 
associated with decreased infant birth weight among 
females with lower income compared to those with 
higher income. This finding is not unexpected as it has 
long been recognized that females with lower income 
have disproportionately higher exposure for environ-
mental stressors as well as higher risk for impaired fetal 
growth [52]. For instance, Borders et  al. (2007) found, 
among their population of 1,363 pregnant American 
females with low income, that maternal social hard-
ships and low birth weight were strongly related. They 
also reported that pregnant females with lower income 
are more likely to face food insecurity and consume 
inadequate supplemental folic acid compared to those 
with higher income [53]. This relationship among pov-
erty, food insecurity, and folic acid supplementation is 
well supported [30, 31, 54]. In our study, 104 (5%) par-
ticipants had low supplemental folic acid intake; only 10 
(1%) experienced both low income and low supplemen-
tal folic acid intake. Among those infants born to females 
with increasing PCB 118 concentrations and low supple-
mental folic acid intake, we observed that every twofold 
increase in PCB 118 concentration was associated with 
an 87 g reduction in birth weight among females with low 
supplemental folic acid intake, compared to a 7 g reduc-
tion among females with the recommended supplemen-
tal folic acid intake level.

Beside maternal income, maternal education also had 
a strong and positive association with birth weight [55]. 
In our study, Pb x low education was one of the selected 
interaction terms by elastic net. Pb exposure is unequally 
distributed across populations where higher exposure 
to Pb is typically found in communities of lower socio-
economic status and among individuals with less access 
to resources including financial, educational, social, and 
health [56]. Furthermore, both Pb exposure and low 
maternal education can independently contribute to 
lower birth weight [6, 7, 55, 57, 58]. In combination, we 
found that Pb was associated with a greater reduction in 
birth weight among females with low educational status 

( β = -100 g; 95% CI: -215, 16) compared to those who had 
higher education ( β = -34 g; 95% CI: -64, -3) (Table 5).

Another hardship that has been known to affect birth 
weight is immigration status. When we considered the 
females’ immigration status along with their exposure 
to OCs (i.e., trans-nonachlor and PCB 180), immigrants 
showed a lower mean birth weight compared with Cana-
dian-born participants (Fig. 2A,C and Table 4). This birth 
weight reduction is supported by an increasing number 
of studies that found that immigration status affects fetal 
growth [59] and that the birth weights of babies born to 
immigrants are generally lower than those of babies born 
to Canadian-born females [60, 61]. For example, South 
Asian born females tend to give birth to smaller babies 
than non-migrant females [62]. However, in a system-
atic review where Gagnon et al. (2009) explored whether 
immigrants have poorer infant outcomes compared to 
Canadian-born females, the authors found that being an 
immigrant was not a consistent marker for poorer infant 
outcomes [60]. Nevertheless, among our MIREC popula-
tion, immigrants had lower mean birth weights and when 
considering the effects of environmental chemical expo-
sures, they experienced a slight increase in vulnerability 
compared with Canadian-born females. Interestingly, we 
also observed a greater reduction in birth weight among 
infants born to students with increasing concentrations 
of OCs (i.e., Aroclor 1260 and PCB 180), compared to 
those of non-students. There is a dearth of studies on 
environmental chemical exposures in the context of 
pregnant students. Available studies typically examined 
behaviours in reducing exposure [63], knowledge and 
awareness of exposures to environmental chemicals [64], 
or exposure assessment on campus or in laboratories 
[65]. Future work, therefore, should include pregnant stu-
dents as the intersection of their experiences and expo-
sure status may generate differential impacts on their 
pregnancy outcomes.

The stronger relationships we observed for females 
with both higher environmental chemical concentrations 
and a maternal hardship is consistent with Knudson’s 
“two-hit” hypothesis [66] where two distinct gestational 
stressors (e.g., gestational exposures to environmental 
chemical and maternal hardship) showed different asso-
ciations with birth weight when combined compared 
to either “hit” alone. To further explore the impact of 
cumulative effects, we summed the number of hardships 
each participant faced and found that as the number of 
hardships increased, the mean birth weight decreased 
(Table S1). Specifically, the presence of one hardship was 
associated with a 59 g (95% CI: -105, -12) lower birth 
weight while the presence of two or more hardships was 
associated with an 87 g (95% CI: -139, -34) lower birth 
weight, compared to no hardship (Table  S7). While the 
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findings of the present study support the hypothesis that 
exposure to two stressors can have different effects com-
pared to exposure to a single stressor, these findings may 
depend on the nature of the stressor(s). For instance, 
infants born to MIREC participants with increasing Mn 
or Hg concentrations and reported maternal hardship 
had higher birth weights compared to those born to par-
ticipants who did not report hardship.

Studies had shown that Mn exhibits a nonlinear inverse 
U-shaped relationship with birth weight where lower 
birth weight was observed at both low and high concen-
trations of blood Mn level [67, 68]. Despite that, most 
studies, including the present one, assumed linear func-
tions. In our previous study, using a flexible Bayesian 
Kernel Machine Regression method that can accommo-
date non-linearity, we found that Mn showed a positive 
and linear relationship with infant birth weight among 
MIREC participants [7]. It is possible that we have cap-
tured the ascending segment of the inverted U-shaped 
Mn-birth weight relationship, which showed an asso-
ciation with higher birth weight in our adjusted regres-
sion analysis. As a result, when examined by maternal 
hardship status, we found evidence that infants born to 
MIREC participants with both higher Mn concentration 
and low income had a higher birth weight, while those 
with no reported hardship showed no association with 
birth weight. However, the pattern doesn’t hold true for 
lone parenthood as infants born to single females experi-
enced approximately 200 g greater birth weight reduction 
compared to those born to married parents. The limited 
research on lone parenthood (or single mother families) 
and environmental chemical exposures has focused on 
exposure to air pollutants. Two US-based environmen-
tal inequality studies reported that single-mother fami-
lies are more likely to live in neighborhoods with higher 
pollution compared to other family types (e.g., married 
or single father families) [69, 70]. Another US air pollu-
tion study found that living in a poor neighbourhood may 
increase the risk of exposure to OCs and metals in the 
air [71]. We are not aware of any study that has examined 
the combined effects of lone parenthood and Mn expo-
sure on pregnancy outcomes. Research that assesses the 
relationship between wider ranges in Mn concentrations 
and fetal growth is highly recommended to consider the 
shape of the Mn-birth weight function as well as the 
impact of lone parenthood.

Like Mn, total Hg also showed a positive relationship 
with birth weight among those with maternal hardships. 
Although Hg is a toxic chemical that can freely cross the 
placenta and potentially disrupt a range of important 
pregnancy processes [72], in a recent systematic review, 
Hg was reported to have a minimal to null association 
with birth weight [73]. However, one particular study 

reported that the lowest tertile hair Hg concentration 
was associated with a higher risk of having infants with 
low birth weight (adjusted odds ratio (aOR) = 7.2; 95% CI: 
1.5, 35.6) compared to those with higher Hg concentra-
tion (aOR = 0.52; 95% CI: 0.17, 1.55) [74]. As Hg expo-
sure generally results from maternal fish consumption, 
the authors hypothesized that the consumption of con-
taminated fish with high levels of Hg may have coincided 
with an increased intake of selenium (Se), an essential 
element found in fish. Se, in this case, may have mod-
erated the toxic effects of Hg [75, 76] and thus resulted 
in a decreased OR for low-birth-weight infants among 
those with higher Hg exposure. Other studies have also 
reported that Hg levels have a positive association with 
socioeconomic status among females of childbearing 
age [77, 78]. Specifically, pregnant participants with low 
income and low education consumed more fish per week 
compared to pregnant participants with higher income 
and higher educational status, but they were found to 
have lower blood Hg levels [78]. This is because the type 
of fish consumed by different demographic groups can 
also affect Hg exposure levels [78]. Therefore, future 
studies should include Se, the types of fish consumed, 
and if possible, the whole diet when assessing the poten-
tial toxic effects of Hg.

Among the MIREC study participants, we observed 
that maternal hardships can modify the strength of the 
relationships (i.e., steeper negative slope and lower birth 
weight) as well as the direction of the relationships (i.e., 
positive slope and higher birth weight) between biomark-
ers of exposures to OCs and metals during pregnancy 
and infant birth weight. To our knowledge, this study is 
the largest single cohort study conducted on the modi-
fying effect of maternal hardship on the relationship 
between gestational environmental chemical concen-
trations and birth weight. With the benefits of a large 
sample size and the use of elastic net regularization tech-
nique, we had higher statistical power to detect associa-
tions and identify key variables. However, our findings 
should be interpreted with caution due to the following 
limitations. First, we used multivariable linear regression 
to assess the independent effects of each maternal hard-
ship and environmental chemical on birth weight and 
did not account for non-linear relationships. Second, we 
performed post-selection inference by first using elastic 
net for variable selection, then using OLS to derive sta-
tistical inference from the best-fitting model. A limitation 
of variable selection methods such as elastic net is their 
instability where any change in observations may change 
the model selected [79]. As OLS assumes that we have 
obtained a perfect model, which may not be the case, 
the resulting 95% CIs may be inaccurate and too nar-
row. Accounting for the effects of variable selection is a 
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challenging task and work is underway to develop tools 
for selective inference so that we can properly assess the 
strength of the relationships [79]. Third, we used Lubin’s 
single imputation approach for measurements below the 
LOD and the standard errors may be biased. However, 
as the majority of our environmental chemicals were 
detected in over 90% of the participants, the impact of 
bias, if any exists, should be minimal [22]. Fourth, mater-
nal hardships were based on a positive–negative dichot-
omy (i.e., yes–no hardship), which produced easy to 
interpret findings but essentially weighted all hardships 
equally. This assumption may have overlooked impor-
tant and differential aspects of the potential effect of each 
hardship on the outcome. Furthermore, low maternal 
hardship proportions of 2 to 25% and missing maternal 
hardship values may bias the effect estimates, reduce 
our study power to detect a statistically significant asso-
ciation, and induce spurious interactions. Regardless, our 
use of dichotomized hardships served as an important 
starting point for the conceptualization of maternal hard-
ships and highlighted the importance for future research 
to include parental hardships when examining the effects 
of environmental chemical exposure. Additionally, our 
use of objective maternal hardships may not fully repre-
sent a woman’s experience and well-being [80]. Obtain-
ing qualitative data and additional quantitative data such 
as food security, stressful life events, and resilience will 
enhance our understanding of maternal hardships and 
enrich our current findings. Fifth, we examined only OCs 
and metals and did not consider co-exposures among 
the environmental chemicals or hardships. Therefore, we 
may have missed other environmental chemicals-birth 
weight associations modified by maternal hardships or 
any potential 2-way interactions between environmental 
chemicals or between hardships. Sixth, blood may not be 
an adequate biomarker of exposure to all metals as each 
medium may represent a different window of exposure 
[81]. For example, blood Cd, As and Hg reflect recent 
exposures, while urinary Cd, hair or nail As and Hg may 
better assess chronic exposures [81–83]. Lastly, MIREC 
is not a representative sample of all Canadian females 
because it is not population-based [16]. As a result, the 
generalizability of our results may be limited.

Conclusions
While it is widely agreed that fetal growth is determined 
by multiple factors encompassing genetic, environmen-
tal, social and maternal factors, little is known about how 
these factors work together to maintain the persistent 
disparities in abnormal fetal growth. We present sup-
porting evidence that maternal hardships may modify the 
relationship between gestational environmental chemi-
cal exposures and infant birth weight and that two “hits” 

of stressors have different effects compared to a single 
“hit”. Future research should examine the mixture or 
cumulative effects of environmental chemicals and non-
chemical stressors such as maternal hardships to further 
advance our knowledge of the mechanisms of impaired 
fetal growth. Greater knowledge can address the adverse 
fetal growth outcomes where vulnerable populations are 
at increased risk for impaired fetal growth. These hard-
ships or social factors that co-occur with gestational 
environmental chemical exposure can become a source 
of inequality and have downstream effects on infant 
health [13].
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