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SUMMARY

The adverse health effects of environmental contaminants (ECs) are a rising public health concern, 

and a major threat to sustainable socioeconomic development. The developing fetuses and growing 

children are particularly vulnerable to the adverse effects of ECs. However, assessing the health 

impact of ECs presents a major challenge, given that multiple outcomes may arise from one 

exposure, multiple exposures may result in one outcome, and the complex interactions between 

ECs, and between ECs, nutrients and genetic factors, and the dynamic temporal changes in EC 

exposures during the life course. Large-scale prospective birth cohort studies collecting extensive 

data and specimen starting from the prenatal or pre-conception period, although costly, hold 

promise as a means to more clearly quantify the health effects of ECs, and to unravel the complex 

interactions between ECs, nutrients and genotypes. A number of such large-scale studies have 

been launched in some developed counties. We present an overview of “why”, “what” and “how” 

behind these efforts with an objective to uncover major unidentified limitations and needs. Three 

major limitations were identified: (1) limited data and bio-specimens regarding early life EC 

exposure assessments in some birth cohort studies; (2) heavy participant burdens in some birth 

cohort studies may bias participant recruitment, and risk substantial loss to follow-up, protocol 

deviations limiting the quality of data and specimens collection, with an overall potential bias 

towards the null effect; (3) lack of concerted efforts in building comparable birth cohorts across 

countries to take advantage of natural “experiments” (large EC exposure level differences between 

countries) for more in-depth assessments of dose–response relationships, threshold exposure 

levels, and positive and negative effect modifiers. Addressing these concerns in current or future 

large-scale birth cohort studies may help to produce better evidence on the health effects of ECs.
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Introduction

The adverse health effects of exposures to environmental contaminants (ECs) are a rising 

public health concern, and a major threat to sustainable socioeconomic development. 

Pregnant woman and the developing fetus are particularly vulnerable to the adverse effects 

of ECs. This is partly due to the dramatic metabolic changes in the mother and fetus 

occurring during pregnancy. For example, life-time exposures to heavy metal contaminants 

(e.g. lead) accumulated in the bone could be mobilized into the circulation during pregnancy, 

subjecting both the mother and the developing fetus to potentially deleterious effects [1]. 

Impacts of ECs on child health (exposures during fetal or postnatal life) are the key 

considerations in developing environmental safety standards. However, assessing the health 

impacts of environmental contaminants presents a major challenge, given that multiple 

outcomes may arise from one exposure, multiple exposures may result in one outcome, the 

complex interactions between EC exposures, and between ECs, nutrients and genotypes, and 

the dynamic temporal changes in EC exposures over the life course.

In view of the growing health concerns regarding ECs, a number of large-scale prospective 

birth cohort studies have been launched in some developed countries, with a common goal 

of more clearly quantifying the exposure levels and health effects. Such studies hold the 

promise of providing critically important reference data for developing or modifying 

environmental chemical safety standards, and for designing effective early intervention 

measures to reduce population burdens of chronic illnesses such as asthma, diabetes, and 

cancers. The large sample sizes and longitudinal prospective data and specimen collection 

plans provide unprecedented study power to detect subtle health effects, relatively rare 

outcomes, interactions and effect modifiers, and for exploring causal mechanisms. This 

article aims to provide a critical overview of “why?”, “what” and “how” in these current 

efforts with an objective to uncover major unidentified limitations and needs. It is hoped that 

current or future such large-scale birth cohort studies addressing these concerns may help to 

produce better and more comprehensive evidence on the health effects of ECs.

What are environmental contaminants?

Environmental pollution, pollutants or contaminants had been a fact of life for centuries, but 

became a real problem only since the industrial revolution. Pollution is the introduction of 

contaminants into the environment that cause harm or discomfort to humans or other living 

organisms, and can come in the form of chemical substances or energy such as noise, heat or 

light (http://en.wikipedia.org/wiki/pollution). Pollutants can include not only man-made 

substances (ex. pesticides), but also naturally occurring substances when in excess of natural 

levels. However, pollution commonly refers to environmental contamination by man-made 

wastes or contaminants (http://www.merriam-webster.com/dictionary/pollution), which are 

of increasing public health concern owing to an increasing number of pollutants arising from 

modern biochemical industrial inventions. According to the US Environmental Protection 

Agency, there exist over 80,000 synthetic chemicals, most of which developed since the 

1950s [2]. Pollutants exist in air, water, food, soil, various consumer products and other 

substances such as tobacco smoke, at public, work and home places. Some contaminants can 

enrich through the food chain, and accumulate in specific tissues, raising the exposure levels 
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in human body well beyond their concentrations in natural habitats such as soil or water. 

These substances are called persistent, bio-accumulative toxins (PBT) [3]. For example, 

heavy metals (ex. lead and mercury) are enriched in marine fishes, and human life-time 

exposures are accumulated in bone tissues. Of particular health concern are those chemicals 

produced in large volumes and used extensively in consumer products, which would subject 

the mass population to the exposure. Some organic pollutants, such as polychlorinated 

biphenyls (PCBs), are very resistant to degradation in the natural environment, and therefore 

persist very long after their release into the environment. They are called persistent organic 

pollutants (POPs) [3].

What we have known about the health effects of environmental 

contaminants?

Numerous studies have been conducted concerning the carcinogenicity and teratogenicity of 

various chemicals, mostly in animal models. Only a limited number of man-made chemical 

compounds have been studied with respect to their health effects in humans. Although some 

chemicals are very toxic, their exposures are usually restricted to certain occupational sub-

populations or residents close to specific plants or pollutant dumping sites. However, some 

pollutants are widespread, and exist almost ubiquitously, are thus of particular public health 

concern, and are the major EC health research targets. The most common such ubiquitous 

ECs include particulate matter (a mixture of various solid particles and liquid droplets), 

tobacco smoke (a mixture of chemicals), common gaseous pollutants [carbon monoxide 

(CO), nitrogen dioxide (NO2), sulphur dioxide (SO2), and ground-level ozone (O3)], heavy 

metals (such as lead, cadmium, mercury), polycyclic aromatic hydrocarbons (PAHs), PCBs, 

and pesticides such as dichlorodiphenyltrichloroethane (DDT), organic solvents such as 

ethyl alcohol and gasoline, plasticizers such as phthalates and bisphenol A, flame retardants 

such as polybrominated diphenyl ether congeners (PBDEs), and water disinfection by-

products such as trihalomethanes (THMs).

Tobacco smoke is a well-known life style pollutant, and can cause many adverse health 

outcomes such as fetal growth restriction, asthma, chronic obstructive lung disease, 

atherosclerosis, coronary heart disease, lung and other cancers [4,5]. Tobacco smoke 

consists of a complex mixture of substances including PAHs, lead and cadmium that are also 

generated as air pollutants from other sources [4]. The adverse health effects of tobacco 

smoke are indicative of the toxic effects of its composite chemicals; many have been proved 

in subsequent studies [6]. The adverse health effects (such as increased mortality, cancers, 

respiratory problems) of poor air quality due to particular matter and gaseous contaminants 

have been well documented in many studies [4,7]. The main threats to human health from 

heavy metals are associated with exposure to lead, cadmium, mercury and arsenic [8]. 

Cadmium has been associated with cancers and kidney damage [9]. Mercury can cause 

neurological damage, and the developing fetus is most vulnerable [10]. Lead may have 

neurotoxic effects on infants even at the exposure levels previously considered safe [8,11]. 

Arsenic has been associated with increased risks of skin cancer and some other cancers, as 

well as other skin lesions such as hyperkeratosis [8]. Heavy metals pose a more serious 

threat to the developing fetus than to adults, because life-time exposures accumulated in the 
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bone could be released into blood circulation during pregnancy, and the special vulnerability 

of the developing fetus [12].

The health effects of legacy POPs such as PAHs, DDT and PCBs have been well studied. 

PAHs have well recognized carcinogenic effects [6]. Although DDT (a persistent pesticide) 

is generally not toxic to humans, exposure to DDT at amounts that would be needed in 

malaria control might cause preterm birth, fetal growth restriction and birth defects, but the 

evidence remains inconclusive partly due to imprecision in exposure measures [13,14]. 

Numerous studies have reported negative associations between prenatal PCB exposure and 

measures of cognitive function in infancy and childhood [15–18]. Most of the research data 

on legacy contaminants come from studies in developed countries; there are relatively 

limited comparable data from developing countries where the exposure levels tend to be 

higher.

Industrial development in more recent decades has resulted in ubiquitous exposure to 

emerging new ubiquitous ECs such as flame retardants (ex. PBDEs) and plasticizers (ex. 

phalates, bisphenol A), but their health effects remain largely unknown. There is emerging 

evidence, mostly from animal models, that exposures to these new ubiquitous ECs (most 

associated with some endocrine function disrupting effects) may have adverse health effects 

such as decreased birth weight, decreased anogenital distance, and disruptions in thyroid 

functions [19–22].

Why large-scale prospective birth cohort studies?

The major health problems confronting modern populations are chronic conditions, such as 

type 2 diabetes, chronic hypertension, heart disease, cancers, asthma, and neuro-

developmental disorders [23,24]. The etiology of these chronic conditions is complex, most 

likely involving multiple environmental and genetic factors and their interactive effects. 

There is substantial evidence that the prenatal and early postnatal environment may be 

critically important in the development of these various chronic disorders in adulthood 

[25,26]. Therefore, understanding the roles of various early life “environmental” exposures 

and “how they work” could pave the way for early prevention. However, knowledge on 

which specific environmental factors contribute to which specific chronic conditions through 

what specific mechanisms remain limited, and progress has been slow.

Although the randomized controlled trial (RCT) is the best design to determine causal 

relationships, it is not applicable in determining the health effects of environmental 

contaminants due to considerations of ethics. Prospective pregnancy/birth cohort study is the 

most powerful observational design in casual inference for understanding the roles of 

various environmental and genetic factors and their interactions in the development of 

various chronic diseases over the life course (Fig. 1). Such prospective birth cohort studies 

are much less vulnerable to exposure measurement biases and the reverse causality trap (an 

“exposure”, such as stress, may actually result from rather than result in the disease) than 

cross-sectional or case-control studies. Furthermore, the opportunities for collecting bio-

specimens over the course of pregnancy would allow more precise measures of prenatal EC 

exposure levels, and biomarkers indicative of the causal pathways. Such prospective birth 
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cohort studies can uncover important etiological factors early in the life course that could not 

have been possible using other study designs. For example, lead exposure during fetal life 

has been consistently associated with impaired neuro-cognitive development in childhood in 

birth cohort studies [27,28] (RCTs would be unethical). It is only in recent years that bio-

monitoring of EC exposures in pregnancy has been incorporated in studying the long-term 

health effects in humans.

The goals

Previous birth cohort studies are limited by relatively small sample sizes and thus little 

statistical power to detect moderate effects, gene-environment interactions, and relatively 

rare outcomes, and are often limited to one or one group of chemicals at a time, and often 

with limited duration of follow-up. Further, most previous birth cohorts have no or very 

limited data on EC exposures during the prenatal or perinatal period, the suspected most 

critical and vulnerable exposure windows to the adverse health effects of environmental 

chemicals. Large-scale prospective birth cohort studies, with representative coverage and 

large sample sizes, would help to fill these gaps, providing a unique opportunity to clarify 

the roles of multiple EC exposures during early life in multiple health outcomes in later life. 

The opportunities to collect biological and environmental specimens during the pre-

conception, perinatal and early postnatal life periods would allow more precise measures of 

the EC exposures (timing, frequency, magnitude and duration) for understanding their 

adverse health effects (short or long-term) during the critical developmental windows.

The challenges

In additional to the “regular” challenges faced by all prospective birth cohort studies, there 

are new major challenges in large-scale birth cohort studies:

1. Huge start-up and operating costs, and persistent challenges in securing research 
funds for future follow-ups: In a review of five small (n < 700) birth cohort 

studies on ECs funded by the National Institute of Environmental Sciences and 

the US Environmental Protection Agency, it was found that all study centers 

underestimated the needs for time, infrastructure and costs [29]. Cost is a much 

more serious concern in large-scale birth cohort EC studies which involve 

additional methodological, logistic and operational complexities. 

Underestimating the true costs would more likely occur in large-scale birth 

cohort studies, partly due to our lack of experience. In addition, researchers may 

have some desire to present a smaller budget for a better chance in obtaining the 

research funding, which would exacerbate the budget limitations. Because 

research funding commitments are made often for a short time frame, it is a 

persistent challenge to secure funding for continued follow-up of a large birth 

cohort with significant cost implications.

2. Data and specimen collection quality control: Large-scale birth cohort studies 

often involve many centers, which may vary considerably in research support 

capacity (staff, infrastructure, experience). Standardisation of operational 

procedures and quality control is a major challenge to alleviate the concern of 

“garbage-in, garbage-out”.
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3. Participant burdens, recruitment and retention rates: Large-scale birth cohort 

studies are “mandated” to address many questions that could not be answered in 

other study designs. This calls for more extensive data and specimen collection, 

and heavier participant burden. However, heavy participant burdens may bias the 

sampling of study participants in that only those extremely research receptive 

subjects would be willing to participate; they may differ significantly from the 

general population, and consequently may compromise the sampling 

representativeness and generalizability of study findings. It has been documented 

that patients willing to participate in a study with only moderate participant 

burden may differ from the general population, biasing the results toward null 

association [30]. Heavy participant burden could result in low recruitment and 

low retention rates which might put the original research goals in jeopardy. There 

is a need to strike a delicate balance between participant burden and the public 

and scientific desire to obtain important new data and findings.

What’s going on in ongoing large-scale birth cohort studies?

There are a number of ongoing large pregnancy/birth cohort studies of variable designs 

mostly in developed countries, with a common general goal to more clearly define the EC 

exposure levels, the effects of environmental factors, and gene-environment interactions in 

the development of chronic health problems over the life course. Table 1 gives a summary of 

the major ongoing large birth cohort studies with at least some data collection during 

pregnancy. The Avon Longitudinal Study of Pregnancy and Childhood (ALSPAC) in 

England recruited 14,541 pregnant women, but with extensive follow-up data on only 10–

60% infants in postnatal years of life [31] (Table 1a). Despite being the birth cohort study 

with the largest number of scientific publications, the study has very little data on EC 

exposures. Also, most data are collected through mailed-in questionnaires – a relatively 

imprecise data collection method. The Generation R study in the Netherlands recruited 9778 

pregnant women at non-specific gestational age windows, therefore the study entry time 

point, data and specimen collection varied for individual participants [32,33]. The study 

depended on routine child care centers for infant growth data, and in-person follow-up only 

a small subset of infants (12%) during the postnatal period. The Danish National Birth 

Cohort [34] and Norwegian Mother and Child Cohort Study [35,36] each has a mega sample 

size of 100,000; Both tried to capture minimal data with minimal burden to participants, 

mainly using relatively cheap computer-assisted and self-administered questionnaires. All of 

the above studies have very limited data and specimens for assessing early life EC exposures 

other than tobacco smoke, and had no priori considerations of bio-monitoring EC exposures 

during the pre- and perinatal periods. Accurate assays of many ECs, such as heavy metals, 

need special specimen collection and processing protocols. Therefore, these birth cohorts are 

not adapted, or somewhat handicapped for assessing the health impact of EC exposures 

during critical developmental time windows in early life course.

More recently, the US launched the National Children’s Study (NCS) after 8-y of 

preparation, with a goal of recruiting 100,000 pregnancies from the pre-conception period 

and followed the pregnancy at each trimester of pregnancy, and the infant up to 21 y of age 

[37] (Table 1b). The NCS study is focused on environment factors especially the exposures 
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during the prenatal and early postnatal life periods, including many questionnaires to capture 

diverse dimensions of various exposures, and many biological and environmental specimens 

collection anticipated. It has the unprecedented best-in-science design, but comes with 

unprecedented heavy participant burden (and costs). It is possible that only very selected 

patients might be able to accept such high participant burdens, which may result in some 

recruitment selection bias. The NCS study group encourages investigators to propose 

adjunct studies in different centers. The NCS study may need to exercise prudence in 

pigging back adjunct studies with additional participant burdens. Also, the implementation 

of complex protocols across over 100 sites may risk substantial protocol deviations from 

quality data and specimen collection. Additional resources (ex. on-site experienced research 

staff) may be required to insure high quality data and specimen collection. The study is now 

in pilot recruitment phase in several vanguard centers. Despite its 21-y study plan, future 

funding remains uncertain.

In Canada, there are two ongoing medium scale pregnancy cohort studies focused on ECs. 

The Maternal and Infant Research on Environmental Contaminants (MIREC) pregnancy 

cohort study is recruiting 2000 pregnant women at the 1st trimester of pregnancy in nine 

cities (Table 1b) [38]. Like the NCS, it was specifically designed for capturing early life EC 

exposures, but targeted only a few primary outcomes due to its much smaller sample size. 

Extensive data and specimen are being collected at each trimester of pregnancy, delivery, the 

infant at 2–6 weeks and 6 months of age (focused on neuro-cognitive development). The 

participant burdens seem moderate, and the study experienced initially low recruitment but 

high retention rates. The sample size will provide sufficient powers for examining relatively 

common outcomes only, and future infant follow-up plans remain uncertain. The Integrated 

Research Network in Perinatology of Quebec (IRNPQ) pregnancy cohort study plans to 

recruit 5000 pregnant women at the 1st trimester of pregnancy in four cities in Quebec and 

Eastern Ontario [39]. ECs are one of the primary exposures, and will be captured by both 

questionnaire-based and bio-monitoring approaches. Extensive data and specimen are being 

collected at each trimester of pregnancy, delivery, the infant at 3, 12 and 24 mo of age 

(focused on neuro-cognitive development, and early indicators of “programming” metabolic 

and cardiovascular risks). The study participant burden seems moderate to high, and the 

study may experience low recruitment and moderately high attrition rates especially in 

postnatal visits.

The limitations

The above discussions have identified two major limitations in ongoing large-scale birth 

cohort studies on ECs: (1) some birth cohorts have limited data and specimens for assessing 

EC exposures in early life (perinatal and early postnatal) – the most critical exposure 

windows; (2) heavy participant burden in some birth cohort studies may bias participant 

recruitment, and risk substantial loss of follow-ups, protocol deviations from quality data 

collection, with an overall potential bias towards null effect. In addition, there is a lack of 

large-scale birth cohort studies on ECs in developing countries where ECs may pose an even 

greater health burden, and a lack of cross-country birth cohort EC studies. However, 

different research protocols may collect different data and specimens and obtain different 

assay results, and these variations would handicap the comparisons across birth cohorts. 
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There exist large EC exposure level differences across countries. For example, in the US, 

2.2% of the children had blood lead levels exceeding 10 μg/dl (the current US safety 

threshold) in 1999–2002 [40]; whereas, in China, 33% (15 times) of the children had blood 

lead levels exceeding 10 μg/dl in 1994–2003 [41]. There is a need to build comparable birth 

cohorts across countries to take advantage of such natural “experiment” for more in-depth 

assessments of dose–response relationships, threshold exposure levels, and positive and 

negative effect modifiers.

Conclusion

Large-scale birth cohort studies with long-term follow-up provide exciting and 

unprecedented opportunities to uncover the causes and prevention measures of chronic 

diseases. However, great opportunities come with great challenges. There are needs for: (1) 

minimizing participant burden while obtaining sufficient data and specimen in core EC 

exposures; (2) being very prudent in piggybacking ancillary studies that require additional 

participant burdens; (3) international collaborative efforts in assembling comparable birth 

cohorts using similar study designs and implementation protocols. Addressing these 

concerns may help us to better “manage” such opportunities to produce better and more 

comprehensive evidence on the health effects of ECs, and to know the potential early 

intervention measures to reduce the population burdens of many chronic diseases.
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Fig. 1. 
Prospective birth cohort design in studying the effects of environmental and genetic factors 

and their interactions over the life course in the etiology of chronic disease. LBW = low 

birth weight; SGA = small-for-gestational age; NDD = neuro-developmental disorders.
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