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Immune system development during prenatal and early-life periods are essential for
healthy development. Environmental and nutritional factors during these periods have strong
influences on immune development and can have impacts on disease susceptibility for an
individual throughout adulthood. Globally, hundreds of millions of people experience
elevated environmental exposure to arsenic, lead, and manganese. These metals often cooccur in the environment and are potential risk factors for developmental immunotoxicity as
they readily cross the placenta and have the capacity to modulate immune function. Regions
of the world with higher levels of infectious disease tend to have higher exposure levels to
each of these chemicals, which indicates exposures may be influencing disease burdens.
Exposure to inorganic arsenic, an established carcinogen, primarily occurs through
contaminated drinking water. Increased child mortality, reduced thymus development, and
suppression of T-cell subpopulation have been shown to occur from prenatal arsenic
exposures. Lead, a potent neurotoxicant, has diverse anthropogenic exposure sources that
vary between communities. Lead exposure has been shown to modulate immune responses,
leading to significant shifts in T-cell subpopulations. Elevated manganese exposure primarily
occurs through contaminated drinking water, which currently transpires in more than 50
countries globally. Although manganese is an essential nutrient it can be neurotoxic at high
exposures. Previous evidence shows that prenatal manganese exposure is associated with
increased perinatal mortality and experimental studies demonstrate that it can modulate
immune function.

The first study of this dissertation provides evidence that arsenic exposure reduces
humoral immunity and that the prenatal period represents the most susceptible window of
susceptibility compared to toddlerhood and early childhood. This study also suggests that
susceptible subpopulations, including females and children with potentially deficient
nutritional status, are the most susceptible to the effects of arsenic immunotoxicity. The
second study evaluated the association between co-exposures to arsenic, manganese, and lead
to changes in humoral immunity. Our results show that although prenatal arsenic is associated
with lower vaccine antibody at age 5, prenatal lead exposure is associated with higher vaccine
antibody. Additionally, we showed that this potential modulated vaccine antibody response
following combined metal co-exposures is likely due to the direct effects of metal exposures
and not due to indirect effects mediated by children’s nutritional status. We did not observe
increased susceptibility to humoral immunomodulation associated with manganese
exposures.
These results provide evidence that exposure to arsenic and lead during pregnancy
can influence humoral immunity in children at age 5, while elevated manganese exposure
does not. Pregnancy is a critical period of immunological development and environmental
exposure to metals during this developmental window likely induces the most serious
immune impairments in subsequent early childhood periods. The influence of child sex and
nutritional status were evident in this population, which may help to identify key
subpopulations at risk of immunomodulation following early life metals exposures. Overall,
these results will help provide evidence to inform public health interventions and influence
future studies investigating the biological mechanisms underlying metal-induced immune
function impairment.
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Prenatal and early-life metals exposure and immune function in children

Chapter 1 - Introduction
Fetal programming and developmental immunotoxicity
Environmental factors can mediate disease processes within human populations. The
fetal development period is known to be responsive to exogenous stimuli such as nutritional,
hormonal, and chemical factors that are present in the intra uterine environment 1. The fetus
responds to these environmental stimuli by adapting or modulating the expression of various
traits such as genes and phenotypes, which is known as fetal programming 2. Although this
response is thought to be advantageous in many circumstances, an adverse adaptation or
dysregulation of the fetal programming during development is known to lead to an increased
susceptibility to disease later in life 3. This was first pushed into focus by evidence that
maternal undernutrition during pregnancy is associated with increased risk of cardiovascular
disease among offspring as adults 4, which is known as the Barker Hypothesis 5. The effect
of maternal-fetal nutritional status on subsequent disease outcomes has now been shown with
type II diabetes and renal disease among others adverse outcomes 2,6,7. Subsequently, it has
been shown that other environmental conditions during pregnancy such as toxic chemical
exposure and physical-psychosocial stress can also influence disease development, leading to
the conceptual framework of the developmental origins of health and disease (DOHaD)
hypothesis 8,9. DOHaD hypothesizes later-life disease susceptibility is influenced by
intrauterine factors such as nutritional conditions and environmental exposures that affect the
fetus directly and indirectly through changes to the carrying mother 9.
The immune system is an excellent example of the DOHaD conceptual framework,
as an individual’s mature immune status is determined by their genetics and accumulated
environmental exposures 10. The developing immune system (i.e. that of a fetus, infant, or
child) has long been recognized to be at higher risk of prolonged disturbance compared to a
mature immune system (i.e. that of an adult). This comes primarily from evidence examining
the relative effects of environmental insults (e.g. ranging from medications to chemicals) and
dietary, physical, and psychosocial factors 1. Immunotoxicity to the fetus can occur through
several interrelated biological pathways, such as epigenetic alterations, impaired immune
maturation, and microbiome disruption 3,5. Epigenetic alterations can persist after postnatal
exposures have decreased or ceased, thus potentially leading to transgenerational effects that
influence innate and adaptive immune processes 2,3,10. The immune dysfunction, imbalance,
or damage that can occur from prenatal or early-life exposures can lead to changes that
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increase an individual’s risk for later-life disease 11-13. Therefore, it is important to consider
the windows of exposure during different early development periods to more accurately
determine and predict the relevant consequences for immune function and later-life outcomes
5,11,13

.
The development and susceptibility of the fetal immune system during pregnancy is

impacted by both the neonatal and maternal immune status 10. Typical maternal processes
during pregnancy ensure that a fetus is not rejected as non-self, primarily through maternal
immune modulation and local immune evasion or suppression 14. Fetuses in the early stages
of embryonic development are highly sensitive to environmental insult 15. Many heavy metals
can cross placental tissue (e.g. Pb, As, Cd, Hg) and have diverse immunological effects
ranging from immune activation to suppression depending upon the dose, length, and timing
of a certain exposure 10,16. Throughout gestation and perinatal periods (i.e. immediately before
and after birth) the innate immune system of the fetus is essentially muted, which is likely an
evolutionary factor to promote tolerance to maternal antigens and overcome the stressful
environment that occurs during development and birth 17. This can make a newborn and the
carrying mother more susceptible to infections and likely reduces both their capacities to
adequately mitigate environmental exposures 10,17.
Aside from acting as an initial defense against environmental insults, the innate
immune system is also responsible for signaling pathways that help to activate adaptive
immune responses involving B-cells and T-cells. Although immune signaling processes of
the fetus and neonate are skewed towards anti-inflammatory profiles (i.e. Th1 responses) 10,
exposure of T-cells to foreign antigens or chemicals during this period can produce an
immune profile skewed towards inflammatory profiles (i.e. Th2 responses) 17. Th2 skewed
immune responses have been shown to be associated with immunomodulation, with
outcomes ranging from reduced vaccination response to immune-driven diseases such as
asthma and allergies 13,17. T-cell development occurs in the thymus, where CD4+ and CD8+
T-cells can be detected by week 15 of gestation and are normally abundant in peripheral
tissues well before birth and continue to mature through early childhood 18-20. T-cells play an
important role in the ability to maintain immunological memory to various vaccines, which is
altogether weaker in fetuses and neonates because of the limited capacity of the humoral
immune response to complete immunoglobulin class switching of B-cells to T-cells 17.
Certain xenobiotic insults on the developing immune system, such as lead and perfluorinated
compounds, have been shown to reduce the capacity of later humoral immune responses 21,22.
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Thus, the gestational period for adaptive immune development is highly sensitive to
contaminants and toxic insults 13.
Overall, the impaired innate immunity, shift from Th1 to Th2 responses, sensitive Tcell development period, and weakened antibody response among fetuses and neonates helps
explain why elevated chemical exposures during pregnancy and infancy can result in greater
disease susceptibility during subsequent life stages. An inability to effectively produce T-cell
dependent antigens is relevant to consider for childhood vaccination schedules, as
populations shown to be exposed to certain chemicals that reduce immunological capacity to
mount vaccine response may be at increased risk of infectious disease. Short and long-term
problems can result from these deficiencies, as potentially harmful exposures during
pregnancy can cause detriments to adaptive immune responses that are already limited among
neonates and infants.

Vaccine response as a measure of developmental immunotoxicity
Childhood vaccination to common viral or bacterial pathogens is a critical public
health tool to prevent infectious disease. Response to vaccination can provide a representation
of immune system function depending upon how that response is measured. Vaccine antibody
titers provide a relative measure of humoral immunity while lymphocyte proliferation tests to
specific vaccine epitopes can provide a relative measure of cell mediated immunity 23. In
human population studies, antibody titers against common childhood vaccinations provide a
biomarker of developmental immunotoxicity 5,13. Although the use of antibody concentrations
is limited as an overall immune measure because it measures a single endpoint that may not
fully represent functioning immune system capacity, its use provides a number of significant
benefits 23. Some important strengths of serum immunoglobulin measurements include: the
relative ease of sample collection; comparability between children because of widespread
vaccine use and standardized ages at administration; and the ability to safely test a child’s
immune system to respond to antigenic challenge 5,23. Additionally, because vaccine antibody
concentrations typically have clinically defined concentration thresholds which indicate if a
child has sufficient titers to be protected against infection, those cutoff values can be used to
determine if any observed decreases in titers are likely to be clinically meaningful 22.
Experimental animal studies have shown that vaccine antibody response is one of the
most sensitive tests to determine potential occurrence of developmental immunotoxicity 5,24.
Although this approach is used relatively infrequently in human studies, there is evidence that
it provides a valuable tool to determine the influence of environmental factors on humoral
immune status in children. Researchers studying a European prospective birth cohort in the
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Faroe Islands have evaluated the developmental immunotoxicity of early-life exposure to
perfluorinated compounds (PFC) by measuring vaccine antibody concentrations to tetanus
toxoid and diphtheria toxoid 22,25. Tetanus and diphtheria toxoids are classic protein antigens
that rely upon T helper cells for primary and recall antibody responses 22. Perinatal exposures
to elevated PFC concentrations measured in maternal serum at 32 weeks of gestation were
shown to be associated with reduced anti-diphtheria antibody concentrations among
vaccinated children at age 5 and 7 years 22,25. A 2-fold increase in certain perinatal PFCs was
associated with a 2.4 to 4.2-fold increase in risk of falling below a clinically protective level
(i.e. 0.1 IU/ml) for tetanus and diphtheria toxoid antibodies among children at age 7 years 22.
Standardized vaccination practices, such as the vaccination route, vaccine booster
frequency, and ages at administration, help to minimize inter-person variability in vaccine
response and increase the usefulness of this response in population studies 23,24. Previous
studies indicate that certain factors may be directly or indirectly related to vaccine antibody
concentrations, such as sex, genetics, age, psychological stress, smoking, nutrition, birth type
(i.e. vaginal vs. cesarean delivery), and certain infectious diseases (e.g. common cold or
gastroenteritis) that may not be directly antigenically related to the vaccine 24. Spatial
differences in residence may also play a role in vaccine response, likely owing to differences
in socioeconomic status (SES), culture, and other complex characteristics 13,24. Although
vaccine antibody measurement may not fully account for the unmeasured capacity of the
immune system to resist infection or disease, on a population basis it provides an accurate
way to assess humoral immunity 23. Overall, vaccine antibody concentrations reflect
immunological function and changes in vaccine specific immune responses can provide
insights into the effects of environmental exposures on the immune system in human
populations 23,24.

Vaccination schedules in Bangladesh
Since the mid-2000s, the Government of Bangladesh has made universal
immunization of children against vaccine-preventable disease a priority 26. The government
provides many vaccines recommended by the World Health Organization (W.H.O.) free of
charge (Table 1). Since 2009, the full course of childhood vaccinations have been made
widely available in Bangladesh through government subsidization 26. The Hib pentavalent
vaccine (Hib Penta) includes vaccine antigens for DPT (diphtheria, pertussis, and tetanus),
Hepatitis B (HepB), and Hib (haemophilus influenza type B), and is administered in three
doses to children at ages 6 weeks, 10 weeks, and 14 weeks 27. The Hib pentavalent (DTPHib-HepB) has been widely administered in Bangladesh since 2009 27. A recent national
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survey completed in 2013 by the W.H.O. showed that all districts in Bangladesh had ≥80%
coverage for DTP-Hib-HepB and over half the districts reached ≥90% coverage 27. Evidence
that this effort has been successful is shown by the fact that there were less than 10 reported
diphtheria cases in 2011 through 2013 27,28.
Tetanus and diphtheria toxoid vaccines are based on the toxin produced by each
bacteria 29. The toxoid is the protein-based toxin and is used as the antigen in the vaccine to
illicit immunity 29. Because the combination vaccine (i.e. Hib Penta) for tetanus and
diphtheria is not highly immunogenic, it is adsorbed to aluminum or calcium salts (i.e. an
adjuvant) to increase immune response and likelihood of sufficient immunity 29. Tetanus
toxoid is thought to be an intrinsically stronger immunogenic antigen than diphtheria toxoid,
the reasons for which are not fully understood but are apparent in situations of reduced
immunocompetence 30. Although the W.H.O. recommends that countries with higher
prevalence of tetanus or diphtheria implement a five dose vaccination series, at this time the
three dose series currently used in Bangladesh and many other developing nations is
considered adequate for long-term immunological protection 29. Thus, measurement of
vaccine response through antibody titers to tetanus and diphtheria toxoids provides a useful
tool to determine the status of humoral immune function and potential associations with
environmental factors.

Arsenic, lead, and manganese exposures
There is increasing evidence concerning the immunotoxicity of chemical exposures,
particularly of associations between environmental metals exposures and disturbances in
immune system development in children. Metals can interfere with immune development in
diverse manners, such as direct cellular damage or metabolically interfering with nutritionally
essential metals such as iron, calcium, copper, and zinc 5,31,32. However, there is little known
about the combined toxicity and immunological impact of co-exposure to multiple metals at
chronic low-dose levels. Simultaneous exposure to multiple metals can produce a range of
immunotoxic effects, ranging from additive, antagonistic, or synergistic 32. Arsenic, lead, and
manganese represent three of the most widely naturally and anthropogenically distributed
metals on earth in regards to human exposures, as they are often found to co-occur in the
environment and human biomarkers of exposure 32-35.
Globally, widespread population-level exposures to metals account for
significant burdens of disease. Arsenic, lead, and manganese represent some of the largest
portions of metals-associated adverse health outcomes. There are over 200 million people
estimated to be exposed to harmful levels of arsenic through contaminated drinking water and

6
likely an even greater number through dietary sources 36. In the U.S., the Agency for Toxic
Substances and Disease Registry (ATSDR) has given arsenic the highest ranking on its
substance priority list among potential public health hazards based on its frequency, toxicity,
and potential for human exposure at National Priority List sites 37. Poisoning caused by lead
exposure is estimated to account for 0.6% of the global burden of disease 38. Children account
for 80% of the global population affected by lead-associated health problems and 99% of
those children live in low- and middle-income countries 38,39. Manganese is an important
nutrient needed for healthy prenatal and early childhood development, but high exposure
levels are known to have serious adverse health outcomes including neurological
impairments. There are at least 50 countries around the world with potentially harmful levels
of manganese concentrations in drinking water 40,41.

Metals exposures in Bangladesh
Bangladesh is a developing nation in South-East Asia with a population exceeding
150 million 27. Exposures to arsenic, lead, and manganese represent serious public health
concerns in Bangladesh, as large percentages of the country’s population are exposed to
elevated levels of each 42. Since these metals may be causing adverse impacts on immune
function, their widespread distribution in Bangladesh may be contributing to infectious
disease susceptibility in children. An estimated 62% of deaths among children under age 5
years in Bangladesh are attributable to infectious disease 28. It is therefore important to
consider the current estimates of exposures to arsenic, lead, and manganese in Bangladesh.
Previous public health efforts to reduce waterborne disease resulted in changes to the
source of drinking water in Bangladesh to go from surface water to groundwater, which
contains high levels of naturally occurring arsenic. This intervention caused an estimated
46% of the population to be exposed to arsenic levels above the W.H.O. recommended 10
µg/L limit and 27% of the population above the current Bangladeshi limit of 50 µg/L in
drinking water 43. Although mitigation efforts (e.g. labeling contaminated drinking wells,
installing new drinking wells, family and community filtration systems) have helped to
decrease arsenic exposures, recent surveys have shown that over 13% of drinking water
samples still exceed 50 µg/L 44. Lead exposure has also been shown to be a massive public
health issue in Bangladesh. Childhood lead exposures alone account for more than 6% of the
country’s GDP 45, which exceeds the amount of annual international aid Bangladesh receives
46

. There are many potential sources of lead that have been identified around Bangladesh,

such as industrial discharges, leaded-gasoline emissions from the two-stroke engines of autorickshaws, glazed ceramic dishware and its associated industry, indigenous medicine, water
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sources, and leaded paint 47,48. Currently, there is no nation-wide lead screening program in
Bangladesh, which has created uncertainty as to the pervasiveness of childhood lead
poisoning 47. However, multiple studies have shown that urban and rural Bangladeshi
children have blood lead levels above the current recommended limit of 5µg/dL set by the
U.S. Centers for Disease Control and Prevention (CDC) and W.H.O. 47,49. Manganese
exposure is widespread in Bangladesh, providing a good example of how the W.H.O. may
have underestimated the true number of people impacted by their former recommended limit
of 0.4 mg/L in drinking water 50. There are over 60 million people in Bangladesh who are
likely drinking water with manganese concentrations that exceed the former 0.4 mg/L
standard from naturally occurring contamination 40,51.
Multiple studies have reported positive correlations between concentrations of
arsenic, lead, and manganese in biomarkers and environmental media 34,35,52. However, other
studies have found weak or inconsistent correlations between these metals depending upon
the biomarker, environmental sample, and age at sampling 33,53. Therefore, it is important to
evaluate these potential co-exposures in a variety of study populations and circumstances. In
Bangladesh, arsenic and manganese may be positively correlated in certain areas and
inversely correlated in others 42. Nonetheless, 32% of drinking wells in Bangladesh are
estimated to contain concentrations of arsenic (i.e. >50µg/L) and manganese (i.e. >0.4mg/L)
that exceeded health standards 42. The co-morbidity of elevated exposure to lead and arsenic
or manganese is less understood in Bangladesh and around the world alike, as lead exposures
may occur through a larger number of sources.
The potential impact of arsenic, lead, and manganese exposures on the immune
system have been demonstrated for each chemical independently in animal studies and a
limited number of human studies, but few studies have evaluated the impacts of these
chemicals during critical windows of immune development. Further, multiple studies have
assessed the association of prenatal or early childhood co-exposure to arsenic, lead, and
manganese to neurological function 34,53,54 or birth outcomes 33, but no studies that I am aware
of have investigated the associations with child immune function. Given the widespread
environmental occurrence and co-occurrence of arsenic, lead, and manganese, along with the
emerging evidence of their potential to individually impact immune system development, it is
important to assess and adjust for the effects of their co-exposure. Evaluations of exposure to
multiple metals may reflect real-world exposure scenarios more accurately than evaluating
each independently 55. Additionally, determining the effects and potential interactions of
these co-exposures is essential to accurately inform human health risk assessments and

8

potentially provide evidence to reevaluate any regulatory policies concerning environmental
metals and chemical mixtures.

Arsenic immunotoxicity
Experimental studies.
Arsenic has been shown to modulate functional characteristics of innate and adaptive
immunity. There has been strong evidence of arsenic to modulate immune function from in
vitro and in vivo studies. These experimental studies have shown that arsenic exposure can
suppress Immunoglobulin (Ig) M and IgG antibody formation 56, decrease mRNA expression
of interleukin(IL)-2 57, inhibit antigen-driven T-cell proliferation and macrophage activity 58,
and alter cellular modulation and development of T-cells 59. Mice exposed to high levels of
arsenic through drinking water have been shown to have reduced capacity for dealing with
influenza exposures, resulting in increased viral titers, influenza morbidity, and decreased
dendritic cell counts 60. Dendritic cells are important antigen-presenting cells of the innate
immune system that help to activate naïve T-cells for adaptive immune responses. These
experimental studies demonstrate that immunomodulatory potential of arsenic exposure.

Epidemiologic evidence.
Human evidence for the immunologic effects of arsenic exposure is more limited
than experimental evidence. Arsenic exposed persons have been observed to have impaired
T-cell activation and functional responses 61. A recent cross-sectional study of the general
U.S. population showed that higher urinary arsenic concentrations were associated with
higher odds of clinically unprotected IgG antibody levels for varicella zoster virus, the virus
responsible for chickenpox 62. Islam et al (2007) observed that 125 Bangladeshi adults
chronically exposed to arsenic via drinking water had significantly elevated serum IgA, IgG,
and IgE compared to unexposed individuals. The elevated IgE levels persisted with prolonged
exposure and were shown to be associated with respiratory symptoms, increased respiratory
complications (e.g. cough, bronchitis, asthma) 63. However, these individuals were likely
exposed to very high levels of arsenic and the cross-sectional study design limits any causal
interpretations.
Mechanisms of arsenic immunotoxicity within infants and children are thought to
occur primarily through increased apoptosis processes, oxidative stress via reactive oxygen
species generation, lymphocyte activation, and altered one-carbon metabolism 61,64,65.
Consequences of early-life arsenic exposure can appear later in adulthood 64,66. An example is
a study carried out in Chile, which found that exposure to arsenic via drinking water during
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childhood increased morbidity and mortality from bronchiectasis and lung cancer in young
adults 67. However, few epidemiological studies have investigated the potential for prenatal
and early-life arsenic exposures to influence arsenic-induced immune dysfunction in
newborns, infants, or children 61. Studies investigating the role of prenatal exposures on
immune development are sparser and even more important, as inorganic arsenic and its
methylated metabolites can readily cross the placenta to potentially influence fetal
development 66,68.
The potential for prenatal and early-life arsenic exposures to produce health problems
due to arsenic-induced immune dysfunction has been suggested by several studies in Mexico
and Bangladesh. A prospective cohort study in Bangladesh found that children among the
highest prenatal arsenic exposure quintile measured at 8 and 30 weeks of gestation had
increased risk of lower respiratory tract infection and diarrhea during the first year of life
compared to children with less prenatal exposure 69. However, the associations were much
stronger among those within the lowest socioeconomic strata even after adjustment 69. This is
may indicate issues regarding residual confounding as pregnant women in this strata can be
exposed to different environmental risk factors, such as the burning of animal dung that was
not accounted for in this study 70. In a separate study within a subset of this cohort prenatal
arsenic exposure was associated with decreased placental CD3+ T-cells and infant thymus
size through 1 year of age, which may indicate reduce immune capacity 71. Although these
studies are helpful, they hold a few key limitations. Both studies within this population used
maternal urine to measure arsenic exposure throughout pregnancy, which may not be accurate
as urinary markers of arsenic exposure change throughout pregnancy and have large
interindividual variability 66,68. Additionally, this study made no adjustment for duration of
breastfeeding or subsequent postnatal exposures 71. Breastfeeding is known to promote
healthy immune function and reduce the risk of infectious disease in early life 72.
Breastfeeding has also been shown to be a protective factor against arsenic exposures as it
does not readily pass over the mammary gland 73,74.
Rocha-Amador et al. (2011) found that children living in a region of Mexico with
endemic arsenic contamination in drinking water had higher apoptosis among peripheral
blood mononuclear cells than children from an area with lower arsenic exposure 75. This
effect is considered to be a marker of immune dysfunction 61. Another cross-sectional study
of arsenic exposed children aged 6-10 years in Mexico observed that higher exposure levels
were associated with reduced CD4+ T-cell counts and CD4+/CD8+ cell ratios, while there
were no differences in CD8+ T-cells 65. Consistent results have been observed in a study of a
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subset of the study population I am proposing to study in this proposal. Kile et al (2014)
examined 44 mother-newborn pairs in Bangladesh and found that elevated maternal arsenic at
≤16 weeks gestation was associated with a decreased CD4+/CD8+ ratio in cord blood,
suggesting that prenatal exposure has an exposure-dependent effect on T-cell subpopulations
in children 76. A lower ratio of CD4+/CD8+ is considered an indication of
immunosuppression and a potential early indication of arsenic-mediated immunosuppression
65,77

.
Overall, the previous studies discussed here suggest that prenatal and early arsenic

exposure has an exposure-dependent immunomodulatory effects including the suppression of
T-cell subpopulations, which supports the hypotheses proposed here. The lack of adjustment
for key confounders and unmeasured exposures from early childhood represents an important
research gap in the overall goal of determining the relative role prenatal and early-life arsenic
exposures have on immune function and infectious disease susceptibility in early childhood.
Mechanisms of toxicity. Arsenic is an environmentally ubiquitous chemical, but the
most relevant concern to public health involves human exposure to inorganic arsenic via
contaminated drinking water. The International Agency for Risk on Cancer (IARC) has
defined arsenic as a Group I known human carcinogen for multiple cancers (e.g. skin, lungs,
urinary bladder, and kidney) with an established range of noncancer effects on virtually every
bodily system (e.g. neurological and kidney disorders, immunological dysfunction,
cardiovascular disease, respiratory effects) 78. Cancer risk is even measurable at drinking
water concentrations of 10µg/L, which is the current standard in many countries and well
below the standard of 50µg/L among others 36. A growing body of evidence shows that
arsenic can cause endocrine disruption, altered cell signals and cycling, epigenetic effects,
and DNA transcription 76,79-82. All of these effects are relevant to maternal, fetal, and child
health 66. The biological impact and mechanisms of arsenic toxicity depend upon the
exposure dose, duration, tissue of contact, and relative metabolic form or species 82. Once
arsenic is ingested, approximately 95% of the ingested dose is absorbed from the
gastrointestinal (GI) tract 82,83. The chemical is then passed into the bloodstream and widely
distributed throughout the body 82. Most bodily tissues clear it quickly from the body within 3
days to 4 weeks depending on location, but arsenic can be found in keratin-rich tissues such
as the hair and nails for up to 12 months after exposure 82,84.
Arsenic metabolism involves the biotransformation of arsenic in the body and is a
key aspect to susceptibility of arsenic-induced toxicity. The inorganic form of arsenic is
naturally occurring in the environment as trivalent arsenite (AsIII) or pentavalent arsenate
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(AsV) 82. The trivalent form is 2-10 times more toxic than the pentavalent form and binds
preferentially to sulfhydryl groups due to its high reactivity, which results in the inhibition of
more than 200 enzymes involved with processes such as DNA repair and antioxidation 32,82,85.
Once inorganic arsenic is consumed it goes through a complex metabolic network that is
closely linked to one-carbon metabolism, which refers to the addition of methyl groups 66.
The primary one-carbon methylation process involves the enzyme arsenic(+3)methyltransferase (AS3MT) transferring methyl groups from the co-substrate Sadenosylmethionine (SAM) to arsenite in the presence of thiols such as glutathione 82,84. The
primary arsenic metabolites excreted in urine within 1-3 days of exposure are
monomethylarsonic acid (MMA, 10-20%), dimethylarsinic acid (DMA, 60-80%), and some
unmethylated inorganic arsenic (10-30%) 66. Efficient methylation of inorganic arsenic to
DMA is considered a mechanism of detoxification and excretion 84,86. Conversely, higher
relative proportions of MMA in urine indicate impaired methylation and detoxification
capacity as trivalent MMA is highly toxic can accumulate in the tissues 84,87.
Many factors can affect one-carbon metabolism and arsenic-related toxicity,
especially for pregnant women and young children. Nutrients such as folate, vitamin B-12,
betaine, and selenium have been shown to be essential for efficient one-carbon metabolism
processes that help to detoxify and excrete arsenic 66,86,88. Diets low in protein, methionine, or
choline have been shown to reduce methylation capacity in human populations 88-90. The
stress of pregnancy-induced maternal metabolism can induce increased one-carbon
metabolism because methyl groups, along with folate and choline, are vital for healthy
placental and fetal development 66,68. The ability of the carrying mother to methylate
inorganic arsenic to the less toxic form of DMA improves over the course of pregnancy and
reduces fetal exposure to more toxic forms of arsenic during later pregnancy 66,68,88,91. Overall,
these factors indicate that exposure to arsenic during earlier gestational periods may present a
greater risk to fetal development as there may be reduced maternal capacity for one-carbon
metabolism and subsequently greater fetal exposure to more toxic arsenic metabolites.

Immunotoxicity of lead
Concern over the potential immunotoxicity of environmental lead exposure,
especially within pregnant women and children, has been a public health issue for over
twenty years 92-94. Immunological effects such as cytokine spikes and fluctuations in antibody
concentrations have been shown to occur more readily in children than adults following low
to moderate lead exposure 94,95. Importantly, increases in disease susceptibility to bacterial
challenge 96,97 and viral infection 98 have been demonstrated in experimental animal studies
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following juvenile or adult lead exposure. Plausible mechanisms of these observations have
been demonstrated by studies indicating lead targets both macrophages and T-cells 94. Luster
et al (1978) found that rats had depressed humoral immunity following lead exposure at
comparable blood lead levels in urban children. Serum IgG levels decreased while IgM and
IgA were not altered, with evidence from antigen stimulation tests suggesting that lead
exposure primarily alters T-cell rather than B-cells responses 99. Subsequent work with rats
has shown that chronic low-level prenatal and postnatal lead exposure is associated with
suppressed cell-mediated immune function, with decreased responsiveness of lymphocyte
production and delayed hypersensitivity responsiveness 100. Bunn et al (2001) demonstrated
with rats that although lead may be immunotoxic across all windows of prenatal
development, differential immunotoxic effects were observed based on early or late
pregnancy exposures. Maternal exposure during later gestational periods resulted in a greater
likelihood in stronger skewing towards T helper 2 (Th2) responses 101.
Lead exposures in human populations may often not result a significant loss of
immune cells, however even small changes in immune cell populations can be biologically
harmful, particularly during critical windows of immune development 94,102. Similar to arsenic
exposure, lead can cause major functional shifts in immune responses away from thymus
dependent Th1-associated responses to Th2-dependent responses 94,103. Following lead
exposure, this shift is demonstrated by a decrease in markers of Th1 response, such as IFNgamma, and a simultaneous increase in markers of Th2 response, such as IL-4 94.
The functional immunological shift towards an increased TH2/TH1 cytokine ratio
following lead exposure corresponds to other lines of evidence that lead exposure results in
an increase in total serum immunoglobulin E (IgE) and impaired delayed hypersensitivity
responses 94,104-106. There has been strong evidence of a positive association between blood
lead and serum IgE levels in children. Cross-sectional associations of higher blood lead and
IgE have been demonstrated in predominately Caucasian children in Missouri 106 and that this
association was modulated by exposure to environmental cigarette smoke 105. A larger
representative sample of US citizens showed similar results in children between 2 and 12
years old who had significant cross-sectional associations between higher blood lead, IgE,
and eosinophils, but this positive association was only present in non-Hispanic white children
104

. A prospective birth cohort established by Jedrychowski et al. (2011) showed significant

associations between cord blood lead levels and positive skin prick test at age 5, but
insignificant associations with postnatal lead exposures 102. This suggests that prenatal lead
exposures have a potentially larger impact on immune function than postnatal exposures.
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These results demonstrate the need for further evaluation of the immunological effects of lead
exposure during different susceptible windows of development.
Overall, evidence demonstrates that lead exposure has diverse immunomodulatory
effects, but that there may be targeted immunosuppression of T-cells. A consistent
observation of lead-induced immunotoxicity seems to be the shift in immune responses away
from thymus dependent Th1-associated responses toward Th2-dependent responses 103,107.
However, few studies have examined how these effects of early-life lead exposure may be
influencing the development of humoral immune development. This presents an important
research gap as evidence of immunosuppressive effects of lead on T-cell development signify
that there may be impaired adaptive immune responses and that these effects are more
pronounced at earlier stages of life. The ability to mount sufficient antibody response to
routine childhood vaccination may be impaired by prenatal or postnatal lead exposures, as
this response is driven by T-cell development. Further, evidence shows that prenatal and
postnatal exposures likely have differential immunological impacts, which could impact the
effectiveness of public health strategies to reduce adverse health outcomes if they are not
implemented during the most susceptible windows of development. Given the global nature
of lead exposure and the fact that hundreds of millions of people are currently exposed at
levels above recommended limits, this is a relevant public health issue to address.

Manganese and immune function
Manganese is an essential nutrient that plays a role in many biological processes,
including the promotion of healthy fetal and child development. Although manganese
exposure primarily occurs through diet, the environment is a large potential exposure source
as manganese is naturally abundant in the earth’s crust and found in the air, water, and soil
108

. Manganese and other transition metal nutrients such as zinc and iron are sequestered

intracellularly and extracellularly to protect again infection, thus playing an important role in
nutritional immunity 109. Low levels of internal manganese may result in a decreased ability
to defend against infection 109. Although high levels of manganese exposure are known to be
associated with neurocognitive effects 110,111, other important health outcomes involving the
immune system have received considerably less attention. Animal studies indicate that
manganese consumption can result in significant functional changes to several cell types of
the immune system 108,112,113. Manganese treatment in mice was shown to cause
immunomodulatory effects, indicated by decreases in antibody production and increases in
mitogen and mixed lymphocyte responses 113. However, it is still unknown whether these
changes represent a significant impairment of immune system function in humans 108.
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Elevated in utero manganese exposure is possible as manganese is actively
transported across the placenta 114 and concentrations in blood increase during pregnancy 115.
A cross-sectional study in Bangladesh found that drinking water concentrations of manganese
that exceeded the 2003 W.H.O. standard of 0.4 mg/L (standard withdrawn in 2011) were
associated with elevated mortality within the first year of life among children after adjusting
for arsenic exposure 116. More recently, Zota et al. (2009) demonstrated a nonlinear, invertedU shaped, association of prenatal manganese exposures measured in maternal and cord blood
(≥37 weeks gestation) with birth weight in full-term infants delivered in the U.S. 117.
Biomarkers of manganese exposures are known to often have positive correlations with
arsenic and lead 33,34,116,117. It is therefore important to determine joint effects of these
exposures on immune functioning, given their independent associations with
immunomodulatory effects and adverse health outcomes following prenatal and earlychildhood exposures.

Specific Aims
The scope of this research is to investigate the impact of early life metal exposures to
arsenic, manganese, and lead on the humoral immunity of children at age 5 using a
prospective birth cohort in Bangladesh. Vaccine antibody concentrations measured in
children at age 5 are used as a proxy of humoral immune function. This goal was
accomplished in two distinct studies presented in the next two chapters. The first study
focused on the association of arsenic exposures measured in drinking water and vaccine
antibody, placing particular focus on identifying important windows of susceptibility and
potential effect modifiers. The second study focused on the association of manganese, lead,
and metal co-exposures to vaccine antibody, placing emphasis on identifying individual and
combined co-exposure associations. These specific aims and hypotheses are outlined below:
Specific Aim 1: Determine the association between arsenic exposure during three age periods
and vaccine antibodies (i.e. diphtheria and tetanus toxoid).
•

Hypothesis 1a: Higher arsenic exposure will be associated with lower vaccine
antibody concentrations.

•

Hypothesis 1b: Earlier windows of exposure (i.e. pregnancy) will be more strongly
associated with vaccine-antibodies.

•

Hypothesis 1c: Child sex and nutritional status indicators (i.e. stunting and
underweight status) will be effect modifiers of the association between arsenic
exposure and antibody.
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Specific Aim 2: Determine the association between manganese and lead exposure during
three age periods and vaccine antibodies among vaccinated Bangladeshi children at age 5.
•

Hypothesis 2a: Higher manganese exposure will be associated with lower vaccine
antibody concentrations.

•

Hypothesis 2b: Higher lead exposure will be associated with lower vaccine antibody
concentrations.

Specific Aim 3: Evaluate the association of early life metal co-exposures (i.e. arsenic,
manganese, and lead) to antibody concentrations among vaccinated Bangladeshi children at
age 5.
•

Hypothesis 3a: Metal co-exposures will have individual and combined associations
with decreased antibody concentrations to diphtheria and tetanus toxoid.

•

Hypothesis 3b: The association between combined metal co-exposures and antibody
concentration will be mediated by nutritional factors of children.

Tables and figures
Table 1. Vaccination schedule currently implemented in Bangladesh for children through age
18 weeks. Dark shaded boxes indicate vaccines provided for free by the Government of
Bangladesh.
Birth
6 wk
10 wk
14 wk
9-10 mo
15-18 mo
BCG*
Penta (DPT, Hep B,
Hib)
Oral polio virus
Measles & Rubella
(MR)
Measles only
Note: BCG, Bacille Calmette-Guérin (tuberculosis-related bacteria); DPT, diphtheria,
pertussis, tetanus; Hep B, Hepatitis B; Hib, Haemophilus influenzae type B; wk, weeks; mo,
months
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Abstract
Background. Arsenic can impair immune function. Timing of exposure can influence
potential immunotoxicity of arsenic exposure. We examined the association between drinking
water arsenic concentrations (W-As) measured repeatedly during different exposure windows
in early life and serum concentrations of IgG antibodies against diphtheria and tetanus
toxoids (diphtheria and tetanus antibody).
Methods. A prospective cohort of pregnant women was recruited in Bangladesh
(2008-2011). Averaged W-As levels were calculated for: pregnancy (W-Aspregnancy): ≤16
weeks gestation and <1 month; toddlerhood (W-Astoddlerhood): 12 and 20-40 months; and early
childhood (W-Aschildhood): 4-5 years. Serum was collected from 502 vaccinated children at age
5 and concentrations of diphtheria and tetanus toxoid IgG (i.e. antibody) were quantified.
Antibody concentrations >0.1 IU/mL were considered clinically sufficient for protection.
Associations were estimated using linear and logistic regression models.
Results. Inverse associations were observed between W-Aspregnancy and serum
diphtheria antibody levels, while null associations were observed between W-As and tetanus
antibody. Children within the highest versus lowest tertile of W-Aspregnancy had 91% greater
odds of having clinically insufficient concentrations of diphtheria antibody (Odds ratio:1.91,
95% confidence interval (CI): 1.03, 3.56). Among females, a doubling in W-Aspregnancy was
associated with 12.3% (95%CI: -20.1%, -4.5%) lower median concentrations of diphtheria
antibody. Tetanus antibody was only associated with W-Aspregnancy among females (percent
change in median: -9.5%, 95%CI: -17.6%, -1.3%). Among children who were stunted or
underweight, a doubling in W-Aspregnancy was associated with decreased diphtheria antibody of
19.8% (95%CI: -32%, -7.5%) and 14.3% (95%CI: -26.7%, -2%), respectively.
Conclusions. Among vaccinated children, W-As measured during pregnancy was
associated with decreased diphtheria antibody levels, but not tetanus antibody. However, WAs measured during toddlerhood and early childhood were not associated with either
antibody outcome. Children’s sex and malnutrition status were important effect modifiers of
W-As for both diphtheria and tetanus antibody levels, highlighting the importance of these
factors and the timing of the exposure when evaluating the effect of arsenic on humoral
immunity.
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Introduction
Exposure to inorganic arsenic is a major public health concern worldwide. Dietary
exposure to inorganic arsenic can occur via widely consumed foods such as rice, whereas
seafood is a major source of exposure to organic arsenic.118 However, consumption of
contaminated drinking water remains the major exposure source in highly exposed
populations.36 Globally, over 200 million people are exposed to arsenic concentrations in
drinking water above the recommended safety standard of 10 µg/L set by the World Health
Organization (WHO).36 In Bangladesh, a national public health campaign to switch drinking
water from surface to groundwater inadvertently resulted in nearly half of the country being
exposed to drinking water that contains naturally-occurring arsenic above the WHO
standard.44
The developing immune system is more sensitive to chemical exposures than the
mature immune system.5,10,11 Throughout gestation there are numerous complex and
overlapping stages of immune development occurring, such as the initiation of hematopoiesis
and thymus development by weeks 11-15 and the colonization of bone marrow and thymus
through the 2nd and 3rd trimesters.18,119 Although fetal exposure to foreign antigens is
primarily restricted to maternal alloantigens,17 many chemicals can cross the placenta to
potentially influence fetal immune development.120 The infancy and early childhood periods
of immune development are primarily characterized by the gradual maturation of immune
function. The passive transfer of maternal IgG antibody transplacentally and via breastmilk
confers essential protection from infectious disease in infants.17 Continued antigenic
challenge throughout infancy and early childhood helps the immune system mature, including
routine childhood vaccinations.17
Arsenic is an established carcinogen that has also been shown to impair immune
function.61,121 Since arsenic crosses the placenta, it has the potential to influence fetal
development.66,68 However, postnatal exposure in breastfed children is limited because
arsenic does not readily pass through the mammary gland.74 Experimental and epidemiologic
data show that arsenic exposure increases risk of infectious disease. A study in adult mice
exposed to inorganic arsenic through drinking water showed an overall reduced
immunological capacity against influenza A, including increased viremia and decreased
dendritic cell counts in the mediastinal lymph nodes during early infection.60 Macrophage
function has been shown to be impaired following arsenic exposure, including reduced
maturation, proper signaling, and organ-specific concentration.58,122,123 Studies in multiple
large prospective cohorts reported that maternal urinary arsenic levels during pregnancy were
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associated with decreased infant thymus size and T-cell proliferation in newborns,71,124 along
with increased risk of lower respiratory tract infection and diarrhea during the first year of
life.69,125 Additionally, prenatal and early childhood arsenic exposures are associated with
dose-dependent decreases in CD4+/CD8+ T-cell ratios,76,126 a proxy of potential arsenicmediated immunosuppression.61 Because T-cells, macrophages, and dendritic cells are
required for activation of B lymphocytes,30 arsenic may modulate humoral immunity.
Previous studies have shown that elevated concentrations of total immunoglobulin
(Ig) G and E are associated with arsenic exposure.63,127,128 A prospective cohort study of
children at age 9 in Bangladesh reported prenatal arsenic exposures were associated with
elevated IgG, while exposures at ages 4.5 and 9 years were associated with decreased
mumps-specific IgG among a subset of children.127 However, a cross sectional study in
Bangladesh children at age 2.5 years reported inconclusive evidence that arsenic exposure
was associated with vaccine-specific IgG concentrations.129 Given that environmental
toxicants may affect the immune system differently during critical windows of
development,5,130 additional research that includes both the magnitude of arsenic exposure as
well as the timing of the exposure is needed to further evaluate the association between
arsenic exposure and children’s humoral immunity.
Antibody response to childhood vaccinations provides a useful biomarker of
immunotoxicity in human population studies.5,23 Diphtheria and tetanus toxoid are classic
protein antigens that rely on T-helper cells for primary and recall antibody responses.131,132
Since 2009, a full course of government-subsidized childhood vaccinations have been made
widely available in Bangladesh.26 Therefore, we initiated a prospective investigation of
antibody responses to diphtheria and tetanus toxoids as potential indicators of humoral
immunity using data collected in a birth cohort in Bangladesh that has experienced a wide
range of drinking water arsenic exposures. We hypothesized that serum concentrations of IgG
antibodies against diphtheria and tetanus toxoids (herein referred to as diphtheria and tetanus
antibody, respectively) would be negatively associated with drinking water arsenic
concentrations. Additionally, we hypothesized that drinking water arsenic concentrations
measured during pregnancy would have stronger associations relative to concentrations
measured during toddlerhood or early childhood.
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Methods
Study population
The study population was part of a prospective birth cohort recruited in the
Sirajdikhan and Pabna Sadar Upazilas of Bangladesh that has been described in detail
elsewhere.133,134,53
Figure 1 provides an overview of the recruitment and follow-up process for this
study. The initial birth cohort recruited pregnant women from 2008 to 2011 to examine the
effects of chronic arsenic exposure on pregnancy-related outcomes. Eligibility criteria for
pregnancy women included an ultrasound confirmed singleton pregnancy of ≤16 weeks
gestation, used a tubewell for their primary drinking water source for ≥6 months prior to
enrollment, and utilized prenatal care provided by Dhaka Community Hospital Trust (DCH)
throughout their pregnancy and birth.133 DCH has medical staff and trained technicians who
provided prenatal care, arsenic awareness promotion, and field operations for data collection.
Of the 1,608 eligible women that enrolled at baseline, there were 1,062 children eligible for
follow-up after 1-month postpartum, as 244 women (15.2%) experienced fetal loss or
neonatal death and 302 families (18.8%) were lost to follow-up because of family migration
or study withdrawal. Between 2010 to 2013, 942 children aged 12-40 months were reenrolled in a follow-up study that investigated the effects of metals and neurodevelopment.53
During that follow-up study, samples were collected when children were aged 12 months
and/or at 20-40 months.
Between 2015 to 2017, we recontacted families to participate in the current study
examining the effect of arsenic exposure and immune functioning. Of the 1,062 eligible
families, we recontacted and successfully enrolled 1,004 (94.5%) in follow-up activities (e.g.
active disease surveillance, drinking water sampling). Finally, children were eligible for this
analysis if they provided blood samples for serum antibody assessments. Children were
eligible for blood draw if they were aged 5 years (±2 months) and had received all three doses
of the government-provided Hib pentavalent vaccine, which was confirmed via vaccination
records provided by the family. We successfully collected blood samples and analyzed serum
antibodies from 502 children (50%). The reasons that the other children who participated in
follow-up (n=502) did not provide serum samples include age ineligibility (e.g. too old at
time of follow-up), movement from study area before time of blood draw, or blood draw
refusal. The human research committees at Oregon State University, Harvard School of
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Public Health, and Dhaka Community Hospital approved all protocols. Informed consent was
obtained from each family and child before each aspect of data collection.

Arsenic exposure
Arsenic concentrations were measured in household drinking water (W-As). During
each study visit, water samples were collected from the tube well that each family indicated
was their primary drinking water source. The W-As measured at consecutive study visits
during each of the 3 cohort follow-up studies (e.g. reproductive/perinatal, 12 to 40 months,
and 4-5 years) were subsequently averaged to represent the following specific child age
intervals: pregnancy (W-Aspregnancy): ≤16 weeks gestation and <1 month; toddlerhood (WAstoddlerhood): 12 months and 20 to 40 months; and early childhood (W-Aschildhood): 4 to 5 years.
Within each of the three exposure periods, an individual was assigned the average value if
both arsenic concentrations were available, or the single non-missing value if only one was
available. This approach was chosen because there was high correlation between drinking
water arsenic concentrations measured within each cohort follow-up study, and this approach
yielded better model fit statistics than using each individual water measurement. Out of 502
participants, water arsenic concentrations were missing for 1 (0.2%), 29 (5.8%), and 0
children at pregnancy, toddlerhood, and early childhood, respectively.
Water sample collection and analysis was consistent between study visits. Briefly,
after purging the tube well for 1-minute water samples were collected in 50-ml polyethylene
tubes and preserved to pH<2 with ultrapure nitric acid. Samples were kept at room
temperature prior to analysis by inductively-coupled plasma mass spectrometry following US
EPA method 200.8. Our method limit of detection (LOD) was 0.5 µg/L. Of the three
measurement periods, arsenic concentrations were below the LOD for 16 (3.2%), 78 (16.5%),
and 157 (31.3%) exposures measured during pregnancy, toddlerhood, and early childhood,
respectively. Values below the LOD were replaced with the LOD divided by the square root
of 2.

Vaccination antibody measurements
The Hib pentavalent vaccine includes vaccine antigens for diphtheria and tetanus
toxoid, and is administered in three doses to children in Bangladesh at ages 6 weeks, 10
weeks, and 14 weeks.27 All infants in this study were vaccinated according to the official
Bangladesh vaccination program, which was verified using government-provided vaccination
history cards for each child. Although WHO recommends countries to provide diphtheria and
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tetanus booster vaccines by age 5 years, this practice is currently not subsidized in
Bangladesh and none of the participants received a booster to either toxoid.27
When children were age 5 years (±2 months), 2 ml of venous blood was collected in
vacutainer tubes containing clot activators (BD Hemogard, Franklin Lakes, NJ). After
clotting for 30 minutes at room temperature, serum was immediately separated and stored at 20°C until transported on dry ice to Oregon State University to be stored at -80°C. Diphtheria
and tetanus antibody were quantified separately by enzyme-linked immunosorbent assays
(ELISA) using antibody-specific Serion ELISA Classic test kits following manufacturer
protocols (Institut Virion-Serion GmbH, Würzburg, Germany). Quality control protocols
included positive controls, blanks, test kit calibration with standard antitoxin, and duplicate
samples must have achieved <20% relative percent difference. Relative percent differences
between duplicates were ≤4% on average and the relative percent standard deviation of
quality control standards were 10% and 14% between batches for diphtheria and tetanus,
respectively. Children with diphtheria or tetanus antibody ≥0.1 IU/mL were considered to
have clinically sufficient levels to confer protection.131,132

Covariates
Covariates were selected a priori based on existing evidence of their biological
plausibility and their association with both arsenic exposure and immune function.22,127,130
Demographic and anthropometric information on mothers and children was collected at ≤16
week gestation, birth, and at age 5 years. Covariates in this analysis included maternal selfreported educational status (illiterate or minimal writing, primary, and ≥secondary), number
of prior pregnancies, duration of breastfeeding (months), child’s sex, age at serum draw
(months), season of serum draw (pre-monsoon, monsoon, post-monsoon), and environmental
tobacco exposure during pregnancy and early childhood (yes, no). The height and weight of
children measured at age 5 years were converted to z-scores based on age and sex using the
WHO Child Growth Standards. The z-scores were calculated from separate macro packages
specific for children age ≤60 months (WHO Anthro, version 3.2.2) and >60 months (WHO
AnthroPlus, WHO Reference 2007).135 Children with height- or length-for-age z-scores ≤-2
were considered to have stunted growth while children with weight-for-age z-scores ≤-2 were
considered to be underweight.136

Statistical analysis
Visual and empirical inspection showed that the distribution of continuous outcomes
(i.e. diphtheria and tetanus antibody) and arsenic values (i.e. W-Aspregnancy and W-Aschildhood)
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were similar between those missing and not missing W-Astoddlerhood. We imputed missing
arsenic values using multiple imputation in chained equations (MICE) with predictive mean
matching (PMM) in each univariate chained equation. Based on the percentage of missing
values for W-Astoddlerhood (5.8%) a total of 20 datasets were imputed by MICE.137 Of the 502
children with complete antibody measurement outcomes, 497 (99%) had complete data
available after multiple imputation of W-As variables, while 5 children (1%) were missing
data on multiple covariates and subsequently excluded from adjusted analyses.
Multivariate linear regression models were used to evaluate the association of WAspregnancy, W-Astoddlerhood, and W-Aschildhood with the continuous outcomes of diphtheria and
tetanus antibody. Data for diphtheria antibody, tetanus antibody, and W-As variables
displayed skewed distributions and were log2-transformed. Thus, results were obtained as
percent changes in median serum antibody for every doubling in W-As. Inclusion of all three
exposure timepoints in statistical models did not produce significant multicollinearity issues
as variance inflation factors were <2.0. Multivariate logistic regression models were used to
quantify the odds of having antibody concentrations below the clinically protective level (i.e.
<0.1 IU/mL) for both diphtheria and tetanus antibody outcomes as a function of W-As, and
were adjusted for the previously discussed covariates. To evaluate potential non-linear
associations, linear and logistic models were run with each W-As variable modeled as a
categorical variable based on its tertiles. To evaluate potential effect modification by sex and
nutritional status, additional stratified linear and logistic models were run by child sex (male/
female), stunted growth status (adequate height/stunted), and underweight status (adequate
weight/ underweight). Analyses without imputed data were also conducted (Appendix A:
Section A2). Linear model assumptions of normality and homogeneity of variances were
visually inspected and empirically checked by descriptive statistics (Appendix C: Section 1,
Section 2). The statistical significance level was evaluated with 95% confidence intervals. All
statistical analyses were performed using Stata version 14.2 (StataCorp LP, College Station,
TX).

Results
Baseline characteristics and W-As timepoints were compared between the 502
children who provided serum samples and the 502 children who did not provide serum
samples but were re-contacted for the follow-up study (Appendix A: Table A.2, Table A.3)
Children who provided a blood sample were slightly younger, which was expected given the
age eligibility criteria for blood draw (e.g. other children were too old at time of follow-up).
Additionally, the children who provided a blood sample came from homes that had slightly
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higher maternal education, lower smoke exposure during pregnancy, and higher smoke
exposure at age 5 (Table S2). Additionally, children who provided serum samples had lower
median W-As than children who did not provide serum samples (Table S3), which was most
notable for W-Aspregnancy (3.2 µg/L vs 13 µg/L).
The characteristics of the children who provided serum samples at age 5 years are
provided in Table 2 and in Appendix A, Table A.1. Most mothers had received primary or
secondary schooling and had <2 prior pregnancies. The mean duration of breastfeeding was
approximately 27 months. Approximately one-third of children were considered to have
stunted growth or underweight status at age 5. The percent of children with stunted growth
was approximately equal between sexes, while there was slightly more female children
considered underweight than males (31% vs 23%). As expected, the log2-transformed
concentrations of diphtheria and tetanus antibody were positively correlated (Spearman
correlation (rs)=0.58). Median diphtheria antibody was more than three-fold lower than
tetanus antibody levels (Table 2). At age 5 years, 343 (68%) and 86 (17%) children were
below the clinically protective level of 0.1 IU/mL for diphtheria and tetanus antibody,
respectively. As shown in Table 3, overall correlations between the log2-transformed W-As
values at pregnancy, toddlerhood, and early childhood were moderate (range: 0.49<rs<0.60).
Concentrations of W-Astoddlerhood were higher than W-Aspregnancy or W-Aschildhood and had a
relatively greater interquartile range (Table 3).
Overall, adjusted multivariate regression models showed that diphtheria antibody had
negative associations with W-Aspregnancy, and null associations with W-Astoddlerhood and
W-Aschildhood (Table 3). These associations were consistent, albeit slightly more attenuated,
than the effect estimates observed in unadjusted models (Appendix A, Table A.7). Sensitivity
analyses revealed that imputation procedures for missing W-As values did not influence
overall findings (Appendix A, Section A2). A doubling in W-Aspregnancy was associated
with a 5.9% decrease in median diphtheria antibody (95% confidence interval [CI]: -11.9%,
0.2%). This corresponded to 8% greater odds of having diphtheria antibody levels below the
clinically protective cut-off for a doubling in W-Aspregnancy (odds ratio (OR): 1.08, 95%
CI: 0.98, 1.18). Further evaluation indicated that compared to children in the lowest tertile of
W-Aspregnancy (median 1.0 µg/L, interquartile range (IQR): 0.6, 1.2 µg/L), children within
the highest tertile of W-Aspregnancy (median 60.6 µg/L, IQR: 23.7, 167 µg/L) had 23.1%
lower median diphtheria antibody (95% CI: -41.2%, 0.5%) (Table 4). Correspondingly, those
within the highest tertile of W-Aspregnancy had 91% greater odds of falling below the
clinical cutoff for diphtheria antibody compared to those in the lowest tertile (OR: 1.91, 95%
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CI: 1.03, 3.56). Null associations were consistently observed between tertiles of WAstoddlerhood and W-Aschildhood for both diphtheria and tetanus antibody (Appendix A,
Table A.8).
Stratified analyses showed stronger negative associations between diphtheria
antibody and W-Aspregnancy for girls and children with potentially poorer nutritional status at
age 5, as indicated by stunting or underweight (Table 6, Figure 2Figure 2. Adjusted odds
ratios (OR) of clinically insufficient tetanus or diphtheria antibodies (<0.1 IU/mL) among
children that were (A) female, (B) stunted growth, or (C) underweight.). A doubling in WAspregnancy was associated with decreases in median diphtheria antibody of 12.3% (95% CI: 20.1%, -4.5%), 19.8% (95% CI: -32.0%, -7.5%), and 14.3% (95% CI: -26.7%, -2.0%) among
children classified as female, stunted growth, and underweight, respectively. Conversely, null
associations were observed between diphtheria antibody and W-Aspregnancy among boys and
children with adequate height or weight. The negative association between W-Aspregnancy and
diphtheria antibody corresponded to higher odds of clinically insufficient diphtheria antibody
for female, stunted growth, and underweight children (Figure 2a-c). There was a single
statistically significant positive association between diphtheria antibody and W-Astoddlerhood
among stunted children (10.9%, 95%CI: 0.6%, 21.2%). Null associations were observed
between diphtheria antibody and W-Astoddlerhood or W-Aschildhood among all other strata.
Overall associations between tetanus antibody and W-As were null, regardless of age
period or tertile of W-As (Table 4-Table 5, Appendix A, Table A.8). No exposure timepoint
of W-As was associated with increased odds of clinically insufficient tetanus antibody.
However, stratified results showed that among girls (Table 6), a doubling in W-Aspregnancy was
associated with a 9.5% decrease in median tetanus antibody (95% CI: -17.6%, -1.3%). This
negative association, however, did not correspond to an increased odds of clinically
insufficient tetanus antibody with increasing W-Aspregnancy (Figure 2a). Null associations were
observed between tetanus antibody and all other W-As exposure timepoints among boys and
all height and weight strata (Table 6).

Discussion
We observed that children from mothers who had the highest average gestational and
perinatal (i.e. pregnancy) drinking water arsenic levels had the strongest association with
lower diphtheria antibody and were more likely than children with lower W-Aspregnancy to fall
below diphtheria antibody levels considered clinically protective.
The ability for arsenic to readily cross the placenta during critical gestational stages of
immunologic development may help to explain the consistent associations between drinking
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water arsenic in pregnancy and diphtheria antibody. Notably, the concentration-response for
diphtheria or tetanus antibody was not observed with arsenic exposures that occurred during
toddlerhood or early childhood. Arsenic is minimally transferred in human breastmilk,74
which may have reduced children’s early childhood exposure despite the overall modest
increase in drinking water arsenic concentrations observed during toddlerhood. Mothers in
this cohort breastfed for an average of 27 months, a typical duration for Bangladeshi mothers
living in rural villages.138 These results suggest that the prenatal window of arsenic exposure,
while accounting for subsequent early life exposures, represents the most sensitive period of
children’s humoral immune development.
Our results suggest that female children may be the most vulnerable to arsenicinduced immunotoxicity because gestational arsenic exposure was associated with
significantly lower diphtheria and tetanus antibody in girls compared to boys after controlling
for other risk factors. This finding differs from other studies that report stronger associations
between arsenic and immune-related outcomes among males. A recent study nested within a
micronutrient trial in Bangladesh by Raqib et al (2017) observed that plasma concentrations
of non-specific total IgG were positively associated with gestational arsenic exposure among
male, but not female, Bangladeshi children at age 9.5 years.127 Previous studies in the same
cohort have also shown that adverse associations predominately occur among boys.71,139
Multiple studies have reported increased immunomodulatory effects of arsenic exposure
among men, which has been explained by differential arsenic methylation capacity between
sexes.140,141 However, the relative influence of arsenic methylation capacity and sex-specific
susceptibility factors on humoral immunity is unclear in children and deserves further
investigation.
We observed the strongest associations between diphtheria antibody and arsenic
exposure during pregnancy among children with stunted growth or who were underweight.
We did observe a single positive association between diphtheria antibody and toddlerhood
arsenic levels among children with stunted growth, however this association may be due to
chance as it was not observed among any other strata. Children’s nutrition plays an important
role both in reducing arsenic exposure through breastfeeding and optimizing humoral
immunity. Raqib et al (2017) reported effect modification by nutritional status, as total IgG
was positively associated with urinary arsenic among underweight children.127 Children with
potential malnutrition-related growth issues such as stunting or low weight are more likely to
have various immunodeficiencies, but typically mount effective vaccine responses unless
they are presenting severe nutritional deficiencies.142 Thus, prenatal arsenic exposure may be
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exacerbating underlying immunodeficiencies in these children, as studies have shown that
arsenic toxicity and metabolism is influenced by nutritional status in children.143,144 Although
the WHO child growth standards may overestimate certain severe adverse growth outcomes
in infants from developing countries, in Bangladesh these standards have been shown to be
accurate for estimating the more moderate stunted growth and underweight outcomes in
children around age 5 years.145 The indication of potential humoral immune deficiencies with
increased exposure among malnutrition subgroups is consistent with previous studies,126,127
and should constitute considerations for exposure interventions.
Even though all children received the three-dose series of Hib pentavalent vaccine
through age 14 weeks, we found a pronounced difference between diphtheria and tetanus
antibody levels. More children had clinically low (<0.1 IU/mL) diphtheria antibody (68%)
than for tetanus antibody (17%). Although the higher proportion of children with low
diphtheria antibody is concerning, it is not unusual that tetanus antibody was generally
higher. Tetanus toxoid is commonly recognized to illicit a stronger and more stable antigenic
response than diphtheria toxoid for reasons not fully understood, but which becomes more
apparent in situations of reduced immunocompetence.30 A prior study of children residing in
the Faroe Islands, a region with considerably different sociodemographic and economic
characteristics than Bangladesh, found a similar prevalence of 5 year-old children with low
diphtheria and tetanus antibody (37% and 26%, respectively).25 Similar to the associations we
found for arsenic, studies of Faroese children have found more pronounced and consistent
negative associations between PCBs and PFASs exposures with diphtheria antibody than with
tetanus antibody.22,25,146
Our findings provide an important contrast to other studies investigating the role of
arsenic exposure on children’s humoral immunity. Specifically, our prospective analysis
found an inverse exposure-concentration response between arsenic exposure during fetal
development and diphtheria antibody at age 5 years. A cross-sectional study that recruited
children between the ages of 2-5 years in two regions in Bangladesh with high (n=60) and
low levels (n=154) of arsenic in drinking water found that 21 days after booster vaccination
the children within the high arsenic exposure area had significantly higher serum IgG levels
to diphtheria and tetanus, but not measles, compared to children in the low exposure area.129
However, it is unclear how pre-booster vaccine-specific antibodies compared between
exposure groups who also differed slightly by age. Additionally, the 21-day follow-up period
used to measure the vaccine response may overestimate long-term protection status in
children exposed to environmental immunotoxicants.22 Long-term humoral immunity to
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specific antigens relies upon continued signals transmitted to memory B cells,30 a process that
may be inhibited by continued arsenic exposure.
Raqib et al (2017) prospectively evaluated the association between arsenic exposure
at different life stages and mumps, measles, and rubella (MMR) vaccination at age 9 years.127
They reported diminished mumps-specific IgG levels with increased urinary arsenic
concentrations measured in children at 4.5 and 9 years of age, but not with prenatal
exposure.127 The dose-response relationship was complicated by pre-booster IgG levels and
the impaired mumps-specific vaccine response was only observed among children with the
lowest pre-vaccination titers to mumps, while no associations were observed between arsenic
and measles or rubella-specific plasma IgG titers.127 However, an earlier study in the same
cohort found that a positive response to a purified protein derivative (indicative of
tuberculosis protection) was inversely associated with arsenic exposure among Bacillus
Calmette-Guerin (BCG) vaccinated children at age 4.5 years, which may indicate that higher
arsenic exposure reduced the immunogenicity of the BCG vaccine.126 Immunogenic response
to the BCG vaccine represents cell-mediated immune processes as it dependent upon the
elicitation of a memory T-cell response.126 This may signify that arsenic impacts cellmediated immunity to a different degree than the humoral immune outcomes investigated in
this study. The differences in estimated associations between the live attenuated vaccines
(e.g. mumps, measles, rubella) and the protein-based vaccines (e.g. diphtheria, tetanus) may
be due to inherently large differences in their immunogenicity or point towards potential
specificities in the immunotoxicity of arsenic. Further investigation should focus on the
potential reasons why arsenic exposure differentially upregulates or inhibits isotype switching
among vaccine types.
Important strengths of our study include a relatively large sample size, data on key
covariates (e.g. breastfeeding duration), and longitudinal assessment of individual exposures
based on drinking water arsenic concentrations measured during pregnancy, toddlerhood, and
early childhood. The ages at exposure assessment represent key periods of immunological
development in children and allowed us to compare relative influences of multiple exposure
windows on immune outcomes. However, exposure assessment at additional ages would have
likely improved the resolution of estimated associations. Further, because of our non-timevarying antibody outcomes measured at age 5 years, we were not able to determine timedependent changes in antibody levels after vaccination.
There was loss to follow-up within the study population that may decrease the
generalizability of results across Bangladesh. Overall, drinking water arsenic, especially
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during pregnancy, was lower in those children who provided a blood sample compared to
those who did not provide a blood sample but were recruited at follow-up (Appendix A,
Table A.3). This signifies we may be underestimating the true association in the larger study
population (n=1,004), as pregnancy exposure levels had the strongest associations with
vaccine antibody concentrations in our study sample (n=502). Although only one child was
recruited per household for this study, we cannot rule out the possibility that participants who
lived near each other used the same tubewell. Additionally, drinking water arsenic
concentrations represent a critical exposure source within this population, but it does not
account for other dietary sources of exposure or differences in water consumption.147 There
may have been differential exposure misclassification as a result of using drinking water
arsenic that would have been most notable during the toddlerhood. For example, we may be
underestimating arsenic exposures if toddlers were not being exclusively breastfed and
received additional dietary arsenic exposures (e.g. rice). However, drinking water can provide
a similar estimate of internal dose to food in Bangladesh,148 and prior studies in this cohort
have shown high concordance between arsenic concentrations measured in drinking water
and maternal nail samples.149 Future research should consider measuring urinary arsenic
metabolites, which could examine the potential influence of arsenic metabolism on
immunological outcomes.150
Diphtheria and tetanus antibodies are considered proxies of humoral immunity in
vaccinated children,30 thus providing biomarkers of potential developmental immunotoxicity
related to environmental exposure.5,23 By measuring vaccine antibody concentrations years
after final administration and within a precise age range (5 years±2 months), we avoided
issues of short-term variability in antibody response that may not accurately portray longterm protection status.22,146 However, vaccine antibody concentrations were measured at a
single timepoint, thus they may not accurately portray natural declines over time and do not
characterize the full capacity of the humoral immune system to mitigate infectious disease.23
Although diphtheria and tetanus antibody have clinically defined protection thresholds, there
are no definitive antitoxin levels to confer complete protection.131,132 Further, ELISA methods
are known to be less accurate in the low concentration range,131 which may have impacted
observed associations for diphtheria antibody more so than tetanus antibody.

Conclusion
In conclusion, prenatal drinking water arsenic was inversely associated with
diphtheria antibody. Stronger inverse associations for diphtheria antibody were observed
among children classified as female, stunted growth, or underweight. Tetanus antibody was

30

not associated with drinking water arsenic, except for the negative prenatal associations
observed among females. Our results provide support for the hypothesis that arsenic exposure
has adverse effects on humoral immunity and on the importance of earlier windows of
susceptibility.
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Tables and figures

Figure 1. Description of the study population included in this analysis.
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Table 2. Characteristics of children who provided serum antibody samples at age 5 years
(n=502).
Characteristics
Maternal Education, n (%)
illiterate
primary
≥secondary
Child sex, n (%)
male
female
Prior births (total), mean (sd)
Child age at serum draw (months), mean (sd)
Total duration of breastfeeding (months), mean (sd)
Environmental smoke exposure during pregnancy, n (%)
yes
Environmental smoke exposure at age 5 yr, n (%)
yes
Season of serum draw at age 5 yr, n (%)
premonsoon
monsoon
postmonsoon
Stunted growth at age 5 yr, n (%)
yes
Underweight at age 5 yr, n (%)
yes

Study population
n=502
52 (10.4%)
187 (37.3%)
262 (52.2%)
255 (50.8%)
246 (49.0%)
1.0 (1.2)
60.9 (0.8)
26.7 (11.4)
184 (36.7%)
216 (43.0%)
223 (44.4%)
136 (27.1%)
143 (28.5%)
168 (33.5%)
136 (27.1%)

Antibody titers (IU/mL) at age 5 yr, median (IQR)
0.06 (0.04, 0.12)
Diphtheria
0.26 (0.12, 0.40)
Tetanus
Antibody titer below clinical protection (<0.1 IU/mL), n(%)
343 (68.3%)
Diphtheria
86 (17.1%)
Tetanus
Note: sd, standard deviation; IQR, interquartile range (25th, 75th
percentiles); IU international units; yr, years; Drinking water arsenic
concentrations measured during pregnancy, toddlerhood, and early
childhood
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Table 3. Concentrations and correlations between concentrations of drinking water arsenic
(W-As) measured during pregnancy, toddlerhood, and early childhood among children with
serum antibody titers (n=502).
Pairwise correlations of W-As

W-As
Age period

n

Median (IQR) µg/L

Pregnancy

Toddlerhood

Early Childhood

Pregnancy

501

3.2 (1.2, 23.7)

1

---

---

Toddlerhood

473

7.1 (0.8, 47.7)

0.53

1

---

Early Childhood
502
2.7 (0.4, 38.4)
0.49
0.6
1
Note: IQR, Interquartile range; Pairwise correlations represent Spearman's rank correlation coefficients for
non-missing log2-transformed W-As values

Table 4. Multivariate linear and logistic regression analyses of associations between
concentrations of drinking water arsenic (W-As) to serum concentrations of diphtheria and
tetanus antibody among children at age 5 years (n=497).
W-Asa

Change (%) (95% CI)b,d

OR (95% CI)c,d

-5.9 (-11.9, 0.2)

1.08 (0.98, 1.18)

Toddlerhood

1.8 (-3.7, 7.2)

0.98 (0.90, 1.06)

Early childhood

2.8 (-2.1, 7.6)

0.98 (0.91, 1.06)

-1 (-7.5, 5.5)

0.97 (0.86, 1.09)

-0.9 (-6.8, 4.9)

1.01 (0.92, 1.12)

Diphtheria
Pregnancy

Tetanus
Pregnancy
Toddlerhood

Early childhood
-0.1 (-5.3, 5.1)
1.01 (0.93, 1.11)
Missing W-As values were estimated by multiple imputation; W-As
(log2-transformed) values at pregnancy, toddlerhood, and early
childhood were entered in the same regression model.
b
Percent change in median outcome per doubling in exposure.
c
Odds ratio (OR) for vaccine antibody concentration being below vs
above the clinically protective level of 0.1 IU/mL with a doubling in
respective W-As.
d
Adjusted for maternal education (categorical), parity (continuous),
child's sex (binary), breastfeeding duration (months), child's age at
serum draw (months), environmental smoke exposure during pregnancy
(yes/no) or at age 5 years (yes/no), and season of serum draw
(categorical).
a
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Table 5. Associations between tertiles of maternal drinking water arsenic concentrations
during pregnancy (W-Aspregnancy) to serum concentrations of diphtheria and tetanus antibody
in children at age 5 (n=497).
W-As Tertiles:
Med (IQR) µg/L
Diphtheria
Pregnancy
Low: 1.0 (0.6, 1.2)
Medium: 3.3 (1.7, 4.2)
High: 60.6 (23.7, 167.0)
Tetanus
Pregnancy
Low: 1.0 (0.6, 1.2)
Medium: 3.3 (1.7, 4.2)
High: 60.6 (23.7, 167.0)

Difference (%)
(95% CI)a,b,d

OR
(95% CI)a,c,d

0.0 (ref)
-1.7 (-21.1, 22.7)
-23.1 (-41.2, 0.5)

1.0 (ref)
0.93 (0.57, 1.51)
1.91 (1.03, 3.56)

0.0 (ref)
12.7 (-11.0, 42.7)
-12.6 (-34.3, 16.3)

1.0 (ref)
0.71 (0.38, 1.32)
0.89 (0.43, 1.83)

Note: IQR, interquartile range; W-As, drinking water arsenic concentrations
W-As concentrations at pregnancy modeled as categorical variables (tertile), and W-Astoddlerhood and W-As-childhood were modeled as continuous (i.e. log2-transformed µg/L)
continuous covariates; Missing W-As values were estimated by multiple imputation.
b
Outcome modeled as log2-transformed continuous antibody concentration (IU/mL), which is
interpreted as percent differences in antibody concentration between arsenic exposure categories
c
Odds ratio (OR) for vaccine antibody concentration falling below vs above clinically protective
level of 0.1 IU/mL
d
Adjusted for maternal education (categorical), parity (continuous), child's sex (binary),
breastfeeding duration (months), child's age at serum draw (months), environmental smoke
exposure during pregnancy (yes/no) or at age 5 years (yes/no), and season of serum draw
(categorical)
a
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Table 6. Percent changes in median diphtheria and tetanus antibody in children at age 5 years
associated with doubling of drinking water arsenic (W-As) measured during three age periods
and stratified by child sex, and height and weight categories of stunting and underweight
(n=497).
Sex
W-As
Diphtheria
Pregnancy
Toddlerhood
Early childhood
Tetanus
Pregnancy
Toddlerhood
Early childhood

W-As
Diphtheria
Pregnancy
Toddlerhood
Early childhood
Tetanus
Pregnancy
Toddlerhood
Early childhood

Male (n=252)

Female (n=245)

Change (%) (95% CI)

Change (%) (95% CI)

-2.1 (-11.6, 7.4)
1.9 (-6.7, 10.6)
5.2 (-2.0, 12.5)

-12.3 (-20.1, -4.5)
1.7 (-5.3, 8.8)
-0.4 (-6.9, 6.1)

4.6 (-5.7, 14.9)
1.1 (-8.1, 10.2)
-0.5 (-8.4, 7.3)

-9.5 (-17.6, -1.3)
-3.4 (-10.7, 3.9)
0.5 (-6.3, 7.2)

Height
Adequate height (n=329)
Stunted (n=168)
Change (%) (95% CI)
Change (%) (95% CI)
-0.7 (-7.8, 6.4)
-1.6 (-8.2, 4.9)
1.5 (-4.9, 7.9)

-19.8 (-32.0, -7.5)
10.9 (0.6, 21.2)
3.4 (-4.3, 11.1)

2.2 (-5.4, 9.8)
-2.1 (-9.1, 4.9)
-4.1 (-11.0, 2.7)

-6.4 (-19.6, 6.8)
3.4 (-7.7, 14.4)
4.9 (-3.4, 13.3)

Weight
Adequate weight (n=361)
Underweight (n=136)
Change (%) (95% CI)
Change (%) (95% CI)

W-As
Diphtheria
Pregnancy
-3 (-10.2, 4.1)
-14.3 (-26.7, -2.0)
Toddlerhood
0.9 (-5.3, 7.0)
5.3 (-6.9, 17.4)
Early childhood
2.1 (-3.8, 7.9)
5.2 (-3.8, 14.2)
Tetanus
Pregnancy
0.6 (-7.0, 8.2)
-4.2 (-16.8, 8.4)
Toddlerhood
-2.4 (-9.0, 4.2)
4.3 (-7.9, 16.4)
Early childhood
-0.7 (-7.0, 5.5)
2.9 (-6.3, 12.1)
Note: Missing W-As values were estimated by multiple imputation; W-As
(log2-transformed) variables at pregnancy, toddlerhood, and early childhood
were entered in the same multivariate linear regression model.; Outcome
modeled as log2-transformed continuous antibody concentration (IU/mL), and
results are percent changes with doubling in exposure; Adjusted for maternal
education (categorical), parity (continuous), child's sex (except for sex
stratified columns), breastfeeding duration (months), child's age at serum draw
(months), environmental smoke exposure during pregnancy (yes/no) or at age
5 years (yes/no), and season of serum draw (categorical).
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Figure 2. Adjusted odds ratios (OR) of clinically insufficient tetanus or diphtheria antibodies (<0.1
IU/mL) among children that were (A) female, (B) stunted growth, or (C) underweight.
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Abstract
Background. Exposure to metal mixtures is common in many human populations.
Arsenic, lead, and manganese have been shown to influence immune function. We evaluated
the association between individual and combined exposures to arsenic, lead, and manganese
and humoral immunity as measured by antibody concentrations to diphtheria and tetanus
toxoid among vaccinated Bangladeshi children. Additionally, we examined if this association
was potentially mediated by nutritional status.
Methods. Antibody concentrations to diphtheria and tetanus were measured in
children’s serum (n=502) at age 5. Household drinking water was sampled to quantify arsenic
(W-As) and manganese (W-Mn), while lead was measured in blood (B-Pb). Exposure
samples were taken during pregnancy, toddlerhood, and early childhood. Multiple linear
regression models (MLRs) were used to determine the association between metals and
antibody outcomes. To better assess combined metal co-exposures, structural equation
models (SEMs) were developed to fit a latent exposure variable (Metals) informed by
individual metal variables (W-As, W-Mn, and B-Pb) and regressed on a latent outcome
variable (Antibody), which was informed by antibody variables (diphtheria and tetanus).
Weight-for-age z-score (WFA) at age 5 was evaluated as a mediator.
Results. Diphtheria antibody was negatively associated with W-As during pregnancy
in MLR, but associations were attenuated after adjusting for W-Mn and B-Pb (β=-2.9%, 95%
CI: -7%, 1.5%). Conversely, pregnancy levels of B-Pb were positively associated with
tetanus antibody, even after adjusting for W-As and W-Mn (β=13.3%, 95% CI: 1.7%,
26.3%). Overall, null associations were observed between W-Mn and antibody outcomes.
Analysis by SEMs showed W-As and B-Pb positively and negatively loaded onto Metals,
respectively, while Metals was significantly associated with Antibody (β=-0.16, 95% CI: 0.26, -0.05). Sex-stratified MLR and SEM analyses showed W-As and B-Pb associations
were exclusive to females. Mediation by WFA was null, indicating Metals only had direct
effects on Antibody.
Conclusions. We observed significant modulation of vaccine antibody concentrations
among children with early life co-exposures to drinking water arsenic and blood lead. We
found distinct differences by child sex, as only females were susceptible to metal-related
modulations in antibody levels. Weight-for-age, a nutritional status proxy, did not mediate the
association between the metal mixture and vaccine antibody.
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Introduction
Arsenic, manganese, and lead represent prevalent metal contaminants of global
concern to public health. Bangladesh, a developing nation, has some of the largest
populations with elevated environmental exposures to all three metals 44,45,151. In the past two
decades Bangladesh has made significant advances in reducing the burden of childhood
infectious disease and mortality, which has largely be attributed to increased vaccination
coverage, improved surveillance, expanded capacity building programs, and micronutrient
supplementation initiatives 28,152. However, improvement is still necessary as the under-5
child mortality rate due to infectious disease remains relatively high compared to similar
regions 153,154. The influence of environmental exposures such as arsenic, manganese, and
lead on immune function may be a contributing factor to the sustained burden of infectious
disease in Bangladesh.
Previous public health efforts to reduce waterborne disease prompted a switch from
surface water to groundwater for drinking water in Bangladesh, which contains high levels of
naturally occurring arsenic 43. Although mitigation efforts have helped to decrease arsenic
exposures, recent surveys have shown that over 12% of household tubewells still contain
drinking water arsenic concentrations (W-As) that exceed the Bangladeshi standard of 50
µg/L, while at least twice that population size drink water above the 10 µg/L World Health
Organization (WHO) guideline of 10 µg/L 155. Inorganic arsenic exposure during early life
has been associated with increased risk of pregnancy loss and infant mortality 134,156, along
with several adverse birth outcomes 71,149,157. Growing experimental and epidemiologic
evidence shows that arsenic exposure increases infectious disease risk and impairs immune
function 130. Studies of prenatal and early childhood arsenic exposures show associations with
suppressed cell-mediated immunity and modulation of humoral immunity 126,127,129,158, likely
via impaired function of T-cells, macrophages, and several other immune system cells
76,124,159

. Humoral immunity is immunity mediated by antibodies or other macromolecules

called complement, while cell-mediated immunity is immunity primarily mediated by T-cells
160

.
Exposure to high levels of manganese is prevalent in Bangladesh and primarily due

to naturally occurring deposits in groundwater 42. Approximately 40% of household tubewells
in the country are estimated to contain drinking water manganese concentrations (W-Mn) that
exceed the former WHO health-based guideline of 400 µg/L 42,44. Furthermore, nearly 60% of
tubewells in Bangladesh exceed health-based guidelines for either W-As or W-Mn 42. The
neurotoxic effects of early life manganese are most frequently reported, however high
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exposures have been increasingly associated with other developmental and reproductive
outcomes. In humans, maternal exposure to elevated W-Mn during pregnancy has been
associated with reduced birth length 161, low birth weight 162, and increased infant mortality
116,163

. Manganese is a transition metal that plays an important role in nutritional immunity

and infection response via cellular sequestration 109, thus it has an inherent capacity to
modulate immune function. There is limited data suggesting that high levels of manganese
may impair immune function. Experimental studies in rodents and birds have shown that
manganese exposure can cause significant changes in the immune system, including reduced
antibody production 113, diverse lymphocyte responses 113,164, and increased susceptibility to
bacterial and viral infection 165,166. However, immunologic effects in humans is limited and
primarily restricted to occupational studies of adult men. High occupational manganese
exposures have been associated with significantly altered lymphocyte profiles, including
reduced total T-cells and serum immunoglobulin levels 167,168. To the best of our knowledge,
no studies of environmental manganese exposure and immunologic function have been
conducted in children.
Multiple studies have shown that urban and rural Bangladeshi children have blood
lead levels (B-Pb) above the current WHO recommended limit of 5 µg/dL 53,169. The potential
sources of children’s lead exposure in Bangladesh are numerous, including small and largescale industrial airborne discharges, glazed ceramic dishware, paint, and contaminated food
and medicine 47. Like manganese, most research on environmental lead exposure has focused
on its neurological impact. Elevated prenatal lead exposures have been associated with
adverse birth outcomes, such as preterm birth or reduced birth length 170, and reduced height
and weight in children at age 4-6 years 171. Concern over the impact of environmental lead
exposure on immune function has been raised for several decades 92. Experimental studies
have shown lead exposure leads to increased susceptibility to bacterial and viral challenge in
rodents 97,98,172. Depressed humoral immune function has been demonstrated in rats following
chronic low-level lead exposure 99. These findings have been supported by additional studies
showing lead targets both macrophages and T-cells, while its influence of lead on B-cell
activity is unclear 94. Findings in human populations have found that lead exposure is
associated with increases in total serum IgE (a type-I hypersensitivity precursor) or
inflammatory cytokine profiles (e.g. increased Th2:Th1 ratio) 104,106,130,173,174, and asthma
severity or atopy 102. Early life lead exposure has also been associated with reduced humoral
immunity and vaccine response 174-176. However, additional evidence is required as there are
inconsistent findings concerning the impact of lead on humoral immunity 106,177,178.
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Although there are some inconsistent findings, multiple lines of evidence point
towards the potential impairment of immune function following early life exposure to arsenic,
manganese and lead. Multiple studies have assessed the association of early life co-exposure
to these metals and neurological function or birth outcomes 33,53,179. However, to the best of
our knowledge no studies have examined associations between these co-exposures to
immunological development. We therefore aimed to investigate the association of humoral
immunity and co-exposure to arsenic, manganese, and lead in children. Vaccine antibody
concentration can provide a feasible and clinically relevant measure of humoral immunity
and biomarker of potential developmental immunotoxicity 22,23. Recently, we observed
negative associations between W-As during pregnancy and vaccine-related diphtheria
antibody concentrations in children at age 5 years, which was driven by negative associations
among girls and children with indicators of lower nutritional status 158. We aim to expand
upon that finding in this study by investigating the associations between repeated measures of
early life co-exposures to W-As, W-Mn, and B-Pb to serum concentrations of IgG antibodies
against diphtheria and tetanus toxoids (diphtheria and tetanus antibody) in children at age 5
years. We hypothesized that higher concentrations of W-As, W-Mn, and B-Pb would be
associated with lower diphtheria and tetanus antibody. Additionally, we hypothesized that
nutritional status of children at age 5 would mediate the association between metal exposures
and vaccine antibody. We complement standard multiple regression techniques with
structural equation modeling to assess how combined exposures mixtures may influence
humoral immunity. Structural equation models (SEMs) are powerful statistical tools that can
be used to examine the association between chemical mixtures and several outcomes 22,180,181.

Methods
Study population
The study population was part of a prospective birth cohort recruited in the
Munshiganj and Pabna districts of Bangladesh that has been described in detail elsewhere
53,133,158

. Briefly, pregnant women were recruited to examine associations between chronic

arsenic exposure and pregnancy-related outcomes 133. Women were required to have an
ultrasound confirmed singleton pregnancy of ≤16 weeks gestation, use a tubewell for their
primary drinking water source, and agree to utilize prenatal care services provided by Dhaka
Community Hospital Trust (DCH) 133. Participating families were recontacted when children
were aged 12 months and/or at 20-40 months as part of a follow-up study investigating the
effects of metals and neurodevelopment 53. Families were subsequently recontacted to
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participate in the current study examining the effect of arsenic and other metals on immune
function in children. Details of cohort follow-up procedures and loss to follow-up have been
described in detail elsewhere 158. Briefly, children were eligible for blood draw if they were
aged 5 years (± 2 months) and had received all three doses of the government-provided Hib
pentavalent vaccine confirmed by family-provided vaccination records. A total of 502
children provided blood samples that were analyzed for serum antibodies. Study protocols
were approved by the human research committees at Oregon State University, Harvard
School of Public Health, and Dhaka Community Hospital Trust. Informed consent was
obtained from each family and child prior to data collection.

Environmental and biomarker metal measurements
Arsenic and manganese concentrations were measured in household drinking water
(W-As and W-Mn, respectively), while lead was measured in children’s blood samples (BPb). Final concentrations of W-As and W-Mn were calculated consistently to our previous
study of W-As 158, whereby measurements taken during consecutive study visits were
averaged to represent pregnancy, toddlerhood, and early childhood study periods. Between
each pair of consecutive study visits, a child was assigned the average value if concentrations
were available, or the single non-missing value if only one time period was available. Single
measurements of B-Pb were collected at birth in cord blood and when children were age 2040 months (B-Pbpregnancy and B-Pbtoddlerhood), while the same averaging process was used for the
1-2 B-Pb values collected between ages 4-5 years (B-Pbpregnancy). Out of 502 participants,
concentrations of W-As and W-Mn were missing for 1 (0.2%), 29 (5.8%), and 0 children at
pregnancy, toddlerhood, and early childhood, respectively. Concentrations of B-Pb were
missing for 3 (0.6%), 172 (34.3%), and 6 (1.2%) children at pregnancy, toddlerhood, and
early childhood, respectively.
Water samples were collected from the tubewell that each family indicated was their
primary source of drinking water at each study visit. Water sample collection and analysis
was consistent between study visits. Briefly, field collection included purging the tubewell
for 1-minute before collecting water samples in 50-ml polyethylene tubes and then acidifying
with ultrapure nitric acid. Samples were maintained at room temperature preceding analysis
by inductively-coupled plasma mass spectrometry following US EPA method 200.8. Our
method limit of detection (LOD) for W-As and W-Mn was 0.5 µg/L. W-As was below the
LOD for 16 (3.2%), 78 (16.5%), and 157 (31.3%) samples measured during pregnancy,
toddlerhood, and early childhood, respectively. A single value of W-Mn was below the LOD
measured during early childhood.
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Concentrations of lead in umbilical cord blood (B-Pbpregnancy) were measured as a
biomarker of late pregnancy lead exposure. Sample collection and laboratory procedures have
been previously described in detail 179. Briefly, umbilical cord venous blood was collected in
trace element-free tubes at the time of delivery. Samples were kept at 4°C and shipped to
Harvard Chan School for trace metal analysis. Lead concentrations were measured using a
dynamic reaction cell-inductively coupled plasma mass spectrometer. Postnatal lead
concentrations were measured in whole blood when the child was age 20 to 40 months (BPbtoddlerhood) and again when the child was 4-5 years (B-Pbchildhood). Blood samples were all
measured using portable LeadCare II instruments (Magellan Diagnostics, Billerica, MA,
USA) that have a reportable range of 3.3–65 μg/dL.

Vaccine antibody measurements
Infants from participating families were vaccinated according to the official
Bangladesh vaccination program, which includes administration of the Hib pentavalent
vaccine at ages 6 weeks, 10 weeks, and 14 weeks 27. This vaccine contains antigens to elicit
protection for diphtheria and tetanus toxoid. Diphtheria and tetanus toxoids are both classic
protein antigens that rely on T-helper cells for primary and recall antibody-mediated
responses 131,132. Blood samples provided by children were used to quantify concentrations of
diphtheria and tetanus antibody as described in detail elsewhere 158. Briefly, 2 mL of venous
blood was collected in vacutainers and allowed to clot at room temperature. Blood samples
were then stored at -20°C until transported on dry ice to Oregon State University to be stored
at -80°C. Diphtheria and tetanus antibody were measured by enzyme-linked immunosorbent
assays using antibody-specific test kits following manufacturer protocols (Institut VirionSerion GmbH, Würzburg, Germany).

Description of covariates
As potential confounders, variables considered relevant to all three metal exposure
variables and antibody outcomes included self-reported maternal education (illiterate or
minimal writing, primary, and ≥secondary), breastfeeding duration (months), and child sex
(male, female). These variables were chosen a priori as potential confounders based on their
known association with concentrations of arsenic, manganese, and lead exposures and
vaccine-antibodies 73,108,182. The weight measurements of children measured at age 5 years
were converted to z-scores based on child age and sex using the WHO Child Growth
Standards. Macro packages specific for children age≤60months (WHO Anthro, version 3.2.2)
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and >60months (WHO AnthroPlus, WHO Reference 2007) were used to calculate weightfor-age z-scores (WFA).

Statistical analysis
Multiple linear regression
Standard multiple linear regression models (MLRs) were used to evaluate the
association between concentrations of vaccine-specific antibodies and the three types of
metals. Antibody and metal variables were log2-transformed to improve the assessment of
multiplicative effects and interpretation of regression coefficients. Because both metals
concentrations and antibody outcomes were log2-transformed, we expressed the regression
coefficients (i.e. β and 95% CI coefficient values) as the percent change in antibody
concentration for each doubling of the given exposure (i.e. (2x – 1)×100%, with x used as
individual coefficient value). Missing values of metal predictors were imputed for any metal
exposure variables with >1 observation missing, which included W-Astoddlerhood, WMntoddlerhood, B-Pbpregnancy, B-Pbtoddlerhood, and B-Pbchildhood. Missing values were imputed using
multiple imputation in chained equations (MICE) with predictive mean matching (PMM) in
variable-specific univariate chained equations. A total of 20 datasets were imputed by MICE
for each variable. Of the 502 children with complete antibody measurements, 496 (99%) had
complete data available after multiple imputation of exposure variables, while 6 children
(1%) were excluded because of missing covariate data. Non-imputed MLR analyses were
conducted as a sensitivity analysis (See Appendix B).
Initial analyses included separate MLRs with age-5 antibody concentration as the
dependent variable and arsenic, manganese, or lead measurements as the predictors. First,
individual models were used to assess the associations between arsenic, manganese, or lead
exposure variables at all three age periods on antibody-specific concentrations (i.e. single
model included pregnancy, toddlerhood, and childhood exposure variables of one metal).
This single element model provides a relative comparison of age-specific associations within
a single type of metal exposure. Then, a combined model was used to assess antibodyspecific associations to all metals simultaneously (i.e. all 9 exposure variables included in
same model). This model provides the same comparison as the previous model, but also
provides a relative comparison of associations between metals. Effect modification by child
sex was assessed by stratifying models by sex. Additionally, to evaluate the potential
moderating effect of differences by clinic site, separate models were run stratified by clinic
location (i.e. Pabna or Munshiganj).
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All adjusted models included maternal education, breastfeeding duration, and child
sex (excluded in sex-stratified models). Assumptions of normality and variance homogeneity
were visually examined and empirically evaluated by descriptive statistics. The statistical
significance level was evaluated at α=.05 for descriptive statistics and with 95% confidence
intervals for MLR. Multivariable regression analyses were performed using Stata version
14.2 (StataCorp LP, College Station, TX).

Structural equation modeling
Structural equation models (SEMs) were developed to further characterize the
association of co-exposure to arsenic, manganese, and lead with antibody concentrations.
SEMs are an analytic tool to examine the relationships between observed (measured) and
latent (non-measured) variables, which provides a unique means to evaluate how well data
correspond to a theoretical framework or hypothesis 183,184. Compared to MLR, SEMs can
account for measurement error of exposures and outcomes while simultaneously addressing
the collinearity between exposures by correlating their residual errors 181,183. Additionally,
because data from multiple exposures and multiple outcomes are considered simultaneously,
SEMs reduce issues of multiple comparisons and provide greater statistical power by pooling
variables 180,183. An SEM consists of a 1) measurement part with observed variables linked to
latent variables and 2) a structural part that describes the relationship between the proposed
latent variables and observed or latent outcome variables 183,185. The latent variable represents
the explained variance between the observed variables it informs (indicators), while the
residual errors of each observed variable represent the unexplained variance (random error).
In SEM diagrams latent variables are represented by ovals while observed variables are
represented by rectangles. Single headed arrows represent regressions, which are referred to
as factor loadings (λ) when the observed variable is regressed on the latent variable it
informs. A double-headed dashed arrow between observed variables indicates that the
residuals (unexplained variable) are specified to covary (correlate) in the model.
In this analysis, our a priori SEM hypothesized a latent exposure variable referred to
as Metals was a regression predictor of a latent antibody outcome variable referred to as
Antibody (Figure 4). The Metals variable was informed by the concentrations of W-As, WMn, and B-Pb at all three time periods (pregnancy, toddlerhood, and childhood), while the
Antibody variable was informed by concentrations of diphtheria and tetanus antibody. This
model implies that the latent Metals variable represents the true overall metals exposure,
whereby all markers of early life metal exposures were considered error-prone indicators of
the same latent exposure. Similarly, the latent Antibody variable is implied to represent the
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true vaccine antibody outcomes, as indicated by diphtheria and tetanus antibody. This
provides an improved biological framework for humoral immunity than singe-outcome
standard multiple regression by accounting for measurement error of each vaccine antibody
22

.
The Metals and Antibody variables are indicated by observed variables but are

themselves unmeasured and thus have no inherent metric. Therefore, to set a measurement
scale we implemented latent variable standardization by fixing latent variances to 1.0 and
latent intercepts to 0 184. This standardization allowed us to 1) determine the association of the
various metal indicators with the latent Metals variable despite different measurement scales
(i.e. µg/L in water versus µg/dL in blood) and 2) determine the association of Metals with
Antibody despite no inherent latent variable metric. The standardized factor loadings of
observed variables on latent variables were restricted to values between 0 to 1.0.
Subsequently, this allowed factor loadings to be used to compare the relative influence
among variables and be interpreted similarly to beta coefficients calculated in standard linear
regression analyses.
Maximum likelihood estimation with robust standard errors was used in all SEMs.
Incomplete observations of exposure variables were assumed to have information missing at
random, thus allowing calculations based on the full information maximum likelihood 186.
Global model fit was evaluated using the following indices: Comparative Fit Index (CFI),
Tucker-Lewis Index (TLI), and Room Mean Square Error of Approximation (RMSEA).
Table B1 in Appendix B provides the criteria used to determine goodness of fit, with all
SEMs required to meet good or acceptable fit for each model fit index. Measurement error
was determined a priori to be based on within-metal observed variables, whereby residual
errors for repeated measures of each type of exposure were correlated (e.g. all W-As
measurements correlated within SEM). Modification indices were used to verify that
specified error correlations were improving model fit using likelihood ratio tests (LRT)
between 1) a null model with no specified correlations between residual errors and 2) a model
specifying residual errors correlations. Improved model fit was indicated by a LRT with pvalue<0.05 184. Consistent with our multiple regression analyses, covariates in adjusted
analyses included maternal education, breastfeeding duration, and child sex (not included in
sex-stratified models).
To determine if nutritional status mediated the association between Metals and
Antibody, the previous a priori SEM was expanded to consider WFA, an indicator of
nutritional status, as a mediator (Figure 5). It should be noted that in this mediation analysis
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the term “effect” refers to statistical and not causal effect. The direct effect was the direct
association between Metals and Antibody. The indirect effect was considered as the product
of the associations (i.e. beta coefficients) between Metals and WFA and the association
between WFA and Antibody. The total effect was the sum of the direct and indirect effects.
Statistical significance of β and λ estimates in SEMs was evaluated with 95% confidence
intervals and an α = 0.05. SEM analyses were performed in R (R Version 3.4.2) using the
“Lavaan” package 187.

Results
The major characteristics of participants contributing serum samples at age 5 years
are presented in Table 7. Characteristics of children in Bangladeshi prospective cohort who
provided serum antibody samples at age 5 years.Table 7. Most mothers had a secondary
education and breastfed for at least 2 years. Girls had lower age 5 WFA values than boys
(p=.005). Serum antibody concentrations were higher for tetanus than for diphtheria antibody.
Average concentrations of all three metals varied between age periods. The highest median
concentrations of W-As and B-Pb were observed during toddlerhood. Median concentrations
were above recommended health-based guideline limits for B-Pb (i.e. >5 µg/dL) during
toddlerhood and during all three age periods for W-Mn (i.e. >400 µg/L). There were no
significant differences in the distribution of exposure variables or antibody concentrations
between child sexes. Within-metal concentrations between age periods were positively
correlated with varying strengths of correlation (0.35≤ rho ≤0.67) (Figure 3). The strongest
correlations were consistently observed between the toddlerhood and childhood age periods.
Correlations between metals were more variable in strength and direction, as W-As was
generally negatively associated with W-Mn and B-Pb, while W-Mn and B-Pb weakly to
strongly positively correlated.
MLR analyses (Table 8) showed that higher W-Aspregnancy was associated with lower
concentrations of diphtheria antibody (-3.4%, 95% CI: -7.2%, 0.6%), but this association was
slightly attenuated after adjusting for W-Mn and B-Pb (-2.9%, 95% CI: -7.0%, 1.5%).
Alternatively, higher B-Pbpregnancy was associated with higher concentrations of tetanus
antibody (10.2%, -0.6%, 22.1%), which showed stronger effects after adjusting for W-As and
W-Mn (13.3%, 95% CI: 1.7%, 26.2%). MLR stratified by child sex showed that associations
among girls were likely driving the associations observed in the overall population (Appendix
B: Table B2, Table B3). Girls showed a negative associations between diphtheria antibody and
W-Aspregnancy that was attenuated after adjusting for B-Pb and W-Mn (-5.8%, 95% CI: -11.2%,
-0.2%), while there was a strong positive association between tetanus antibody and W- B-
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Pbpregnancy (23.6%, 95% CI: 7.0%, 42.9%) in the combined metal model (Appendix B, Table
B2). Null associations were observed among boys regardless of the exposure variable or

antibody type (Appendix B, Table B3). Sensitivity analyses of MLR showed that multiple
imputation procedures for missing exposure values did not influence overall study
conclusions (Appendix B, Table B4, Table B5, Table B6).
The association between the latent Metals and Antibody variables as hypothesized in
Figure 4 are provided in Table 9, while Table 10 shows the standardized factor loadings of each

observed indicator of the latent variables. The crude and adjusted SEMs showed that Metals
was negatively associated with latent antibody (adjusted β = -0.14, 95% CI: -0.25, -0.03) in
the overall study population (Table 9). However, the sex-stratified SEM showed that the
association was only observed among girls (adjusted β = -0.31, 95% CI: -0.45, -0.17) as it
was null among boys (adjusted β = 0.02, 95% CI: -0.14, 0.17). Importantly, the factor
loadings of observed exposure variables on Metals were both positive and negative (Table 10).
Loadings of W-As were positive while W-Mn and B-Pb loadings were negative. This
indicates that as W-As increased there were decreases in W-Mn and B-Pb, which is consistent
with exposure patterns and correlations observed in our initial analyses. These loadings imply
that the significant association between Metals and Antibody was negative with increases in
W-As and was positive with increases in W-Mn and B-Pb. The strongest loading onto Metals
was observed for B-Pbpregnancy (λ = -0.81, 95% CI: -0.88, -0.75), while W-Aspregnancy had the
strongest loading among W-As variables (λ = 0.59, 95% CI: 0.52, 0.66). The weakest
loadings were observed for W-Mn variables, and W-Mnpregnancy was the only exposure
variable that did not significantly load on Metals (λ = 0.01, 95% CI: -0.1, 0.1). The factor
loadings for girls and boys were similar to the overall population factor loadings,
demonstrating that the exposure variables informed by the latent Metals variable were
equivalent between sexes.
To determine if the association observed between Metals and Antibody was mediated
by nutritional status, WFA was evaluated as a mediator within the SEM (Figure 5). Table 11
shows the estimated direct and indirect effects of Metals on Antibody. Consistent with the
previous model, the adjusted results showed a significant direct effect that was primarily
driven by the association among girls (β = -0.31, 95% CI: -0.45, -0.16). There was a
significant negative association between WFA and Metals among girls (-0.16, 95% CI: -0.28,
-0.03), but not boys (β = -0.07, 95% CI: -0.21, 0.07). However, the indirect effect was null, as
there was not a significant association between WFA and Antibody, regardless of child sex.
Thus, the total effect was similar to the direct effect in non-stratified and sex-stratified SEMs.

49

The factor loadings of exposure indicators onto Metals were approximately equal to those
from the previous model (data not shown). This signifies that the same inverse associations
between W-As and B-Pb were driving the estimated direct and indirect effects for the
mediation SEM in Figure 5 as discussed for the SEM in Figure 4.

Discussion
In a large prospective cohort, we found both negative and positive associations
between vaccine antibody concentrations and metals. We observed negative associations
between W-As and positive associations for B-Pb that were primarily related to pregnancy
exposure metrics. Multiple regression analyses showed that W-Aspregnancy and B-Pbpregnancy
were most strongly associated with diphtheria and tetanus antibody, respectively.
Associations among girls drove overall associations. SEM analyses provided additional
evidence of the strong influence of B-Pbpregnancy relative to other exposure variables, as it had
the strongest loading onto the latent Metals that likely influenced its significant association
with latent Antibody.
The positive association observed for B-Pb was contrary to what we hypothesized.
We hypothesized that lead exposure would be associated with signs of humoral
immunosuppression based on previous evidence of lead-associated reductions in total IgG
and vaccine-specific antibodies 173,175,176. Xu et al (2015) observed a negative cross-sectional
association between B-Pb and hepatitis B surface antibody titers among vaccinated
elementary school children living near an e-waste facility 176. However, there was relatively
high B-Pb in both the designated reference and exposed populations (B-Pb of 6.1 µg/dL vs
6.8 µg/dL, respectively), while the exposed population lived nearby an e-waste facility and
were likely exposed to other potentially immunotoxic chemicals not measured 176. There are
conflicting results from other studies that have observed early life lead exposure has null
106,178,188

, or positive 172,177,189, associations with total IgG antibody. Sarasua et al. (2000)

conducted a large cross-sectional study (n=2,041) in the U.S. that found a positive association
between B-Pb to total IgG, B-cell proportions, and T-cell proportions among children under
age 3 years (n=372, mean B-Pb=7.0 µg/dL), while older age groups (3-6 years, 6-15 years,
and 16-75 years) showed no significant associations between immune measures and B-Pb 177.
The study found that those children under age 3 in the moderate B-Pb range (5 – 15 µg/dL)
had higher total IgG than those in the lower range (<5 µg/dL), while other associations were
driven by children in the highest B-Pb range (≥15 µg/dL) 177. The weight of evidence seems
to show that the suppressive effect of lead exposure on B-cells is weaker than T-cells 190,191,
which partially explain why we did not observe negative associations.
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Although our results are observational and should be interpreted cautiously, a
biological explanation for the positive association we observed with B-Pb likely involves
potential underlying lead-related shifts in the balance of T helper (Th) cell ratios. Studies of
lead-induced immunomodulation in experimental and human populations have shown that
elevated lead exposure reduces Th1 responses and promotes Th2 responses 94,103,192,193. Th1
cells have a primary function to activate certain immune cells like macrophages and stimulate
CD8+ T-cells, while Th2 cells primarily function to increase antibody production via B-cell
stimulation 160. This alteration in Th cell ratios mostly occurs through the modulation of
cytokine profiles that stimulate Th2 pathways (e.g. increased IL-2 and IL-4) and that reduce
or inhibit Th1 pathways (e.g. decreased IFNγ and increased TGF-β) 192. Although some IgG
antibody production occurs through Th1 responses, the neutralizing antibody production,
particularly IgE, is promoted more strongly by Th2 responses 160. Further, lead exposure has
been shown to enhance Th2 cytokines such as IL-4, IL-5, and IL-10 101,193-195, which help to
drive the proliferation and differentiation of plasma cells to IgG antibody 160,196. Interestingly,
there is some evidence suggesting that the amount of differential skewing between Th1 and
Th2 responses may be exposure dose-dependent, with lower exposure profiles (e.g. 4-10
µg/dL) potentially favoring Th1 dependent skewing 172,197. This corresponds to the relatively
lower B-Pb exposure profile in our study population. Additional studies should focus on
describing the potential differential effects of low and high lead exposure on humoral
immunity.
The negative associations we observed between W-As and vaccine antibody are
consistent with our recent findings 158. Experimental studies in various adult animal models
have shown that arsenic exposure suppresses humoral immune function 198,199. However,
human studies, particularly in children, have had mixed results. Consistent with our findings,
several large cross-sectional studies in the U.S. have provided evidence that suggests arsenic
exposure increases the loss of protective antibodies to common viruses and anti-viral
vaccines 62,200,201. A case-control study nested within a prospective cohort of pregnant women
in Bangladesh also observed that arsenic exposure potentially decreases humoral immunity
regarding viral infection, as higher urinary arsenic was associated with increased
susceptibility to hepatitis E viral infection 202.
In contrast, multiple studies have observed positive associations between arsenic
exposure and antibody profiles 63,127-129. A small cohort study in Bangladesh (n=60) found
that following booster vaccination, children living within a high W-As area had higher
diphtheria and tetanus vaccine-related antibody concentrations, but lower blood counts,
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compared to children living in a low W-As area 129. However, no pre-booster antibody titers
were evaluated and antibody response was measured within a relatively short time frame after
vaccination (21 days) 129, which prevents the results from being used to evaluate if arsenic
affected long-term antibody waning. A larger study in a prospective birth cohort (n=525),
found that maternal urinary arsenic measured in the first trimester was positively associated
with total IgG in boys, but not girls, measured at age 9 years 127. There were also positive
associations between urinary arsenic at all age periods (prenatal, 4.5 years, 9 years) and total
IgG antibody among underweight children 127. However, consistent with our findings, the
authors observed that concentrations of mumps-specific IgG antibody 21 days after primary
vaccination were negatively associated with childhood arsenic among children who that had
the lowest pre-vaccination mumps antibody 127. These results do suggest that although higher
total IgG concentrations may be occurring within certain susceptible subgroups, potential
impairment of humoral immunity can still be detected in the short-term period after primary
vaccination.
Similar to previous studies that investigated the impact of arsenic or lead on humoral
immunity in children 101,127,173, we found a distinct difference in estimated associations by
child sex. Previously, we demonstrated that girls, not boys, had significant negative
associations between W-Aspregnancy to diphtheria and tetanus antibody 158. Here, we have added
weight to that evidence by showing that there were strong positive associations between BPbpregnancy and tetanus antibody, regardless of the modeling approach utilized. Raqib et al
(2017) found a positive association between urinary arsenic and total IgG among boys, but
not girls 127, which contrasts with our results. Contrary to our results regarding lead, Sun et al
(2003) observed a negative association between total IgG and B-Pb among girls 173. Arsenic
and lead have both been shown to modulate steroid sex hormone levels 79,203-205. Sex
hormones can strongly influence immune reactivity, with those of males generally considered
immunostimulatory and those of females immunosuppressive 206,207. Therefore,
developmental exposure to these metals could be modulating immunoglobulin levels via their
effect on sex steroids. Better understanding of these potential biological mechanisms
underlying immunomodulation by metals requires future studies in children to examine
associations by sex and to determine any mediating roles of sex hormones.
Overall, manganese showed the weakest associations with vaccine antibody
concentrations among the three metals. Manganese was not associated with either vaccine
antibody in the overall population, while W-Mnpregnancy was the only metal to not have a nonsignificant loading onto the latent Metals variable in SEM analyses. Our sex-stratified
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analyses showed a potential positive association between W-Mnpregnancy to tetanus antibody
among girls, but this may be spurious as it was not observed elsewhere, and we did not
correct for multiple comparisons. The W-Mn concentrations were highly elevated in this
population, as each age period had median concentrations exceeding 500 µg/L. The WHO
discontinued its previous health-based guideline of 400 µg/L for W-Mn in 2011 based on the
judgement that such exposure levels are uncommon 41. However, results from our study and
evidence from other regions in Bangladesh and numerous other countries demonstrate that, in
fact, high exposure levels can be common in certain populations. 50. Because W-Mn is
thought to be more bioavailable than other dietary sources of manganese via rice-based diets
prevalent in Bangladesh 208, it is likely that the elevated W-Mn of women and children in this
cohort represents an important source of manganese exposure. As manganese is an important
metal involved with nutritional immunity, future studies should explore whether the nutrition
of certain subpopulations (e.g. low socioeconomic groups, females) may be modulating the
effect of excess manganese exposure on immune function.
Our results highlight that although arsenic and lead exposures may be influencing
humoral immune status, especially within girls, they are likely doing so along different
biological pathways. It is recognized that metals can have both inhibitory and stimulatory
effects on the activation of various human lymphocytes 107. Environmental exposures to
arsenic and manganese have been independently associated with reductions in ratios of
CD4+/CD8+ T-cell ratios 65,76,168, which are signs of potential immunosuppression 77. This
altered ratio has not been observed as consistently regarding environmental exposure to lead
190

. It is still difficult to determine whether the opposing associations observed with arsenic

and lead are producing antagonistic or synergistic effects on humoral immunity. Future
experimental and human studies could help address this knowledge gap by evaluating the
differential effects of high to moderate co-exposure to these chemicals. Humoral immune
function seems to be less prone to impairment by either arsenic or lead compared to cellmediated immunity 130,190. Additional work examining the impact of both humoral and cellmediated immunity in the context of co-exposure to multiple metals would help determine the
interplay between these interrelated immune processes and prevalent exposures.
We did not observe significant mediation by children’s growth scores for weight at
age 5. Recently, we found that W-Aspregnancy had strong negative associations with vaccine
antibody among children with potentially poorer nutritional status, as indicated by age 5
stunting or underweight 158. Similarly, another prospective study in Bangladesh showed
children with these indicators of poorer nutritional status had modulated humoral immunity
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following early life arsenic exposure 127. Although these studies provide evidence that
nutritional status likely moderates the effect of metals, our present results do not support the
hypothesis that nutritional status is on the causal pathway between metals exposure and
modulated humoral immunity. Although WFA is considered a useful indicator of nutritional
status, more comprehensive nutritional measurements (e.g. specific dietary surveys) of
children would likely provide greater clarity on the potential influence of nutrition. Another
possible reason that we did not observe significant mediation is that metals such as arsenic
and lead can directly affect immune function via epigenetic programming of leukocytes and
altered metabolic physiology 76,209-211. Our results support the hypothesis that the earliest
exposure periods represent the most susceptible developmental windows to immunotoxicity,
as pregnancy exposures showed the strongest associations with antibody concentrations. All
three metals have the potential to influence fetal development as they can readily cross the
placenta 68,114,212. Future work should focus on how nutritional aspects during pregnancy may
influence how certain metal co-exposures modulate subsequent immune function.
Strengths of our study include the prospective design in a relatively large sample
size, with key exposure measurements taken during the critical developmental periods of
pregnancy, toddlerhood, and early childhood. The measurement of vaccine-specific IgG
antibodies provided us the opportunity to examine the long-term effects of metal coexposures on relevant humoral immune outcomes. However, additional measurements of
antibodies to other childhood vaccines could have provided additional clarity as to whether
the associations we observed are consistent with vaccine types, such as live-attenuated or
conjugate vaccines. SEMs provided a useful analytical approach to these data, which
included multiple exposures, windows of exposure, and time invariant outcomes. A primary
strength of this framework is that the information from several correlated exposure variables
can be combined into a single analysis, which theoretically becomes more powerful than
standard regression techniques 183. Results obtained by MLR were not corrected for multiple
comparisons, but the SEM improved issues surrounding multiple comparisons and provided
consistent results. We were able to employ SEMs to examine the effect of a cumulative metal
exposure on a cumulative antibody outcome via latent variables, which provided an
additional analytical approach to address our hypothesis that metal co-exposures are
influencing humoral immunity. However, the SEM approach we presented did not explore
potential interactions. Exploratory interaction models using MLR did not show significant
metal-metal interactions in the overall population (data not shown). Future work in other
study populations could benefit by further exploring potential interactions and nonlinear
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associations occurring in individuals with moderate to high-level exposures to all three
contaminants.
We used drinking water to represent individual exposure to arsenic and manganese,
which may have caused some level of exposure misclassification. Exposures to inorganic
arsenic and manganese among infants and mothers often occur via dietary sources, however
contaminated drinking water is the primary source of elevated exposures in Bangladesh 50,213.
Breastfeeding can reduce postnatal exposures, as arsenic and manganese are not fat soluble
and typically not found in high concentrations in breast milk 73,182. Alternatively, infancy and
childhood lead exposures can occur through diverse environmental sources, including
breastmilk 47,182,190. By using B-Pb to represent exposure levels, we likely reduced major
issues of exposure misclassification because sources of lead exposure will vary between
communities. Another limitation of this study was the differential metal-specific exposure
profiles between our two primary study areas of Munshiganj and Pabna (higher relative W-As
and B-Pb in Pabna and Munshiganj, respectively). While study area influenced the exposure
distributions in this population, we do not consider it to have a direct causal relationship to
vaccine-antibody concentrations. Adjusting or stratifying by factors hypothesized to only
have an upstream association with exposures, but not outcomes, can induce analytical bias
with unpredictable directionality 214. Thus, clinic site was not included in our analyses as it
does not pertain to biologically meaningful influences on the metal-antibody associations.

Conclusion
Cumulative early life co-exposures to drinking water arsenic, manganese, and blood
lead showed significant modulation of humoral immune function. Prenatal drinking water
arsenic was inversely associated with diphtheria antibody, while blood lead was positively
associated with tetanus antibody. However, drinking water manganese was not associated
with antibody outcomes. Nutritional status did not significantly mediate the indirect
association between cumulative metal co-exposure and antibody concentrations. Stronger
associations were consistently observed among female children and during earlier windows
of susceptibility. Our results provide evidence that metal co-exposures may have diverse
modulatory effects on humoral immunity among children.
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Tables and Figures
Table 7. Characteristics of children in Bangladeshi prospective cohort who provided serum antibody samples at age 5 years.
Child sex
Overall
Males
Females
Variable
N=502
(n=255)
(n=246)
Maternal Education, n (%)
52 (10.4%)
29 (11.4%)
23 (9.3%)
illiterate
primary
187 (37.3%)
94 (36.9%)
93 (37.8%)
≥secondary
262 (52.2%)
132 (51.8%)
130 (52.8%)
Total duration of breastfeeding, median (IQR),
24.0 (19.0, 36.0)
24.0 (18.0, 36.0)
24.0 (24.0, 36.0)
months
WFA
-1.3 (-2.0, -0.6)
-1.2 (-1.9, -0.6)
-1.5 (-2.1, -0.8)
Antibody concentration at age 5, median (IQR),
IU/mL
0.06 (0.03, 0.12)
0.06 (0.03, 0.13)
0.06 (0.03, 0.12)
Diphtheria
Tetanus
0.21 (0.09, 0.40)
0.22 (0.10, 0.42)
0.20 (0.09, 0.37)
Arsenic (W-As), median (IQR), µg/L
pregnancy
3.2 (1.2, 23.7)
3.2 (1.2, 24.2)
3.3 (1.2, 22.3)
7.1 (0.8, 47.7)
7.9 (0.9, 47.7)
6.9 (0.7, 49.4)
toddlerhood
2.7 (0.4, 38.4)
3.6 (0.4, 37.2)
2.5 (0.4, 39.1)
childhood
Manganese (W-Mn), median (IQR), µg/L
pregnancy
565.0 (344.8, 796.0)
565.0 (350.5, 789.0)
569.5 (340.0, 814.0)
toddlerhood
741.0 (322.5, 1478.5) 776.5 (358.0, 1560.0) 710.0 (308.0, 1410.0)
748.6 (304.3, 1483.7) 721.3 (322.1, 1512.0) 806.5 (252.6, 1422.6)
childhood
Lead (B-Pb), median (IQR), µg/dL
3.1 (1.6, 5.6)
3.2 (1.5, 5.2)
3.0 (1.6, 5.8)
pregnancy
6.4 (4.3, 10.0)
6.5 (4.4, 9.5)
6.0 (4.0, 10.4)
toddlerhood
childhood
4.7 (2.3, 7.0)
5.0 (2.9, 7.9)
4.6 (2.3, 6.5)

p-value
0.76

0.41
0.005

0.78
0.12
0.70
0.41
0.31
0.62
0.38
0.91
0.78
0.77
0.05

Note: p-values Pearson chi-squared or Kruskal-Wallis rank sum differences in distribution of variable between sexes; IQR, interquartile
range (25th, 75th percentiles); IU, international units; W-, drinking water; WFA, weight-for-age z-score.
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Figure 3. Correlation (spearman) matrix for concentrations (log2-transformed) of drinking water
arsenic (W-As), manganese (W-As), and blood lead (B-Pb) among children with antibody outcomes
during pregnancy, toddlerhood, and childhood.
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Table 8. Results from adjusted multiple linear regression models of diphtheria and tetanus antibody outcomes for single and combined metal exposures among
the overall study population (n=502).

Arsenic

Manganese

Change (%) (95% CI)
Single element
Diphtheria
Pregnancy
Toddlerhood
Early childhood
Tetanus
Pregnancy
Toddlerhood
Early childhood

a

Combined

Lead

Change (%) (95% CI)
b

Single element

a

Combined

Change (%) (95% CI)
b

Single elementa

Combinedb

-3.4 (-7.2, 0.6)
1 (-2.7, 4.9)
1.7 (-1.6, 5.1)

-2.9 (-7.0, 1.5)
0.8 (-2.9, 4.8)
2 (-1.4, 5.5)

-1.6 (-8.3, 5.5)
2.7 (-3.1, 8.8)
-0.7 (-5.8, 4.8)

-1.1 (-7.9, 6.2)
2.7 (-3.2, 8.9)
-1.1 (-6.4, 4.5)

4.7 (-4.9, 15.3)
5.9 (-10.4, 25.2)
-6.4 (-20.4, 10.1)

4.1 (-5.9, 15.2)
4.6 (-11.9, 24.1)
-6.2 (-20.5, 10.5)

0.5 (-3.8, 5.0)
-0.8 (-4.7, 3.3)
-0.1 (-3.6, 3.6)

2.6 (-2.0, 7.5)
-1 (-4.9, 3.1)
0.4 (-3.2, 4.1)

5.1 (-2.5, 13.3)
-2.7 (-8.5, 3.5)
-0.6 (-6.1, 5.2)

5.4 (-2.3, 13.6)
-3.9 (-9.7, 2.3)
-1.5 (-7.1, 4.4)

10.2 (-0.6, 22.1)
1.6 (-15.5, 22.2)
2 (-14.3, 21.4)

13.3 (1.7, 26.2)
3.2 (-14.1, 24.1)
3.4 (-13.2, 23.2)

Note: Missing values of arsenic, manganese, and lead were estimated by multiple imputation. All models are adjusted for maternal
education, breastfeeding duration, and child sex. Outcomes are interpreted as percent change in median antibody concentration per
doubling in given exposure.
a
Models include includes single metal exposure category (arsenic, manganese, or lead) at all three periods of exposure.
b
Model includes all metal exposure categories (arsenic, manganese, and lead) at all three periods of exposure.
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Figure 4. Structural equation model for the association between latent Metals exposure (left circle)
informed by concentrations of W-As, W-Mn, and B-Pb at pregnancy, toddlerhood, and childhood (left
rectangles) to latent Antibody concentration (right circle) informed by age-5 diphtheria and tetanus
antibody (right rectangles). Note: Covariates (middle rectangle) include maternal education, child sex,
and breastfeeding duration. Single headed arrows represent regressions between variables (factor
loadings when observed variable is regressed on its latent construct). The double-headed dashed
arrows represent specified correlations between residuals of observed variables.

Table 9. Results for SEM of latent Metals regressed on latent Antibody as shown in Figure 4.
Overall (n=498)
Girls (n=246)
Boys (n=255)
Latent antibody
pLatent antibody
pLatent antibody
pAssociations
β (95% CI)
Value
β (95% CI)
Value
β (95% CI)
Value
Latent metal mixture
Crude
-0.16 (-0.26, -0.05)
0.003
-0.26 (-0.4, -0.131) <.001
-0.04 (-0.2, 0.12)
0.62
Adjusted
-0.14 (-0.25, -0.03)
0.01
-0.31 (-0.45, -0.17) <.001 0.02 (-0.14, 0.17)
0.82
Note: Covariates in adjusted model include maternal education, breastfeeding duration, and child sex (overall
model only).
Fit indices for all models: CFI: 0.96-0.99; TLI=0.95-0.98; RMSEA: 0.04-0.05.
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Table 10. Standardized factor loadings (λ) of observed (measured) exposures (W-As, W-Mn, and B-Pb) on the latent Metals variable and of observed outcomes
(diphtheria and tetanus) on the latent Antibody variable. Factor loadings are relevant to SEMs diagrammed in Figure 5.
Overall (n=498)

Girls (n=246)

Boys (n=255)

Variables
λ (95% CI)
p-value
λ (95% CI)
p-value
λ (95% CI)
Latent Metals
Arsenic
pregnancy
0.59 (0.52,0.66)
<.001
0.6 (0.5,0.7)
<.001
0.59 (0.5,0.69)
toddlerhood
0.34 (0.25,0.43)
<.001
0.32 (0.19,0.46)
<.001
0.35 (0.21,0.49)
childhood
0.43 (0.35,0.52)
<.001
0.36 (0.23,0.48)
<.001
0.5 (0.39,0.61)
Manganese
pregnancy
0.01 (-0.1,0.11)
0.91
-0.08 (-0.24,0.08)
0.34
0.05 (-0.1,0.2)
toddlerhood
-0.24 (-0.35,-0.14)
<.001
-0.26 (-0.41,-0.11)
0.001
-0.27 (-0.41,-0.12)
childhood
-0.18 (-0.27,-0.08)
<.001
-0.17 (-0.3,-0.03)
0.02
-0.19 (-0.33,-0.05)
Lead
pregnancy
-0.81 (-0.88,-0.75)
<.001
-0.79 (-0.88,-0.7)
<.001
-0.82 (-0.92,-0.72)
toddlerhood
-0.69 (-0.77,-0.61)
<.001
-0.72 (-0.84,-0.6)
<.001
-0.67 (-0.77,-0.56)
childhood
-0.71 (-0.77,-0.64)
<.001
-0.81 (-0.9,-0.71)
<.001
-0.63 (-0.73,-0.53)
Latent Antibody
Diphtheria
0.78 (0.71,0.85)
<.001
0.78 (0.71,0.85)
<.001
0.71 (0.65,0.77)
Tetanus
0.75 (0.62,0.89)
<.001
0.75 (0.62,0.89)
<.001
0.84 (0.68,1)
Note: Standardized loadings are restricted to values between 0 to 1.0, which are interpreted as correlations.

p-value

<.001
<.001
<.001
0.53
<.001
0.01
<.001
<.001
<.001
<.001
<.001
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Figure 5. Hypothesized structural equation model for the association between latent Metals
exposure and latent Antibody outcome concentrations that is mediated by weight-for-age
(WFA). The potential pathways include the direct (a) and indirect (b × c) effects.

Table 11. Results for SEM estimating the direct and indirect effects of latent Metals on latent Antibody
with weight-for-age (WFA) mediation as shown in Figure 5.
Overall (n=498)
Girls (n=246)
Boys (n=255)
Latent antibody
β (95% CI)

pValue

Latent antibody
β (95% CI)

pValue

Latent antibody
β (95% CI)

pValue

Latent metal
associations
Direct effect
-0.13 (-0.25, -0.02)
0.02
-0.31 (-0.45, -0.16) <.001
0.02 (-0.14, 0.18)
0.82
Indirect
-0.01 (-0.02, 0.01)
0.29 -0.003 (-0.03, 0.02) 0.76 -0.004 (-0.02, 0.01) 0.53
WFA ~ metals
-0.11 (-0.21, -0.02)
0.02
-0.16 (-0.28, -0.03)
0.02
-0.07 (-0.21, 0.07)
0.33
antibody ~ wfa
0.06 (-0.04, 0.16)
0.24
0.022 (-0.12, 0.16)
0.76
0.06 (-0.08, 0.2)
0.40
Total effect
-0.14 (-0.25, -0.03)
0.01
-0.31 (-0.45, -0.17)
0.76
0.02 (-0.14, 0.17)
0.86
Note: Covariates in adjusted model include maternal education, breastfeeding duration, and child sex (overall
model only).
Fit indices for all models: CFI: 0.95-0.97; TLI=0.94-0.96; RMSEA: 0.03-0.04
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Chapter 4 – Summary and Conclusions
Arsenic, manganese, and lead are common global environmental contaminants that
can be found at elevated levels in diverse environmental and dietary sources, thus posing a
potential hazard to susceptible populations including pregnant women and children. The
ability of these metals to cross the placenta in high concentrations enables them to potentially
influence fetal development. There is increasing evidence of how environmental exposure to
chemical such as these can modulate immune function in children, which may increase their
risk of infectious disease and developing chronic health problems later in life. This research
evaluated the association between exposure to arsenic, manganese, and lead throughout early
life to humoral immune function in early childhood. The conclusions from each specific aim
are summarized below:

Aim 1
The first specific aim evaluated the association between arsenic exposures during
three age periods and antibody concentrations. We observed that pregnancy drinking water
arsenic concentrations were negatively associated with diphtheria antibody concentrations,
with the highest exposure groups having significantly less antibody than the lowest exposure
group that corresponded to higher odds of falling below clinically defined titer levels to
confer protection. However, tetanus antibody did not display significant associations with any
arsenic exposure period, potentially highlighting differences in arsenic exposure on various
types of antigen also observed in other studies. Importantly, we observed that females and
children classified as stunted or underweight were most susceptible to insufficient diphtheria
antibody with elevated pregnancy arsenic exposure.

Aims 2 -3
The second specific aim evaluated the association between metal co-exposures and
antibody concentrations, while also evaluating differences by child sex and mediation by
nutritional status indicator. This aim was accomplished using the birth cohort in Bangladesh
used to accomplish Aim 1. Our study supports the hypothesis that metals have individual and
combined associations with antibody concentrations. However, the directionality of the
associations were not consistent with what we hypothesized. Although arsenic (primarily
pregnancy exposures) had a negative association with antibody, we observed positive
associations for lead (primarily pregnancy exposures) while associations were mostly null for
manganese. These associations were consistent when stratified by sex, which showed that
females had much stronger measures of effect while only null associations were observed
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among males. Our data did not support the hypothesis that nutritional status mediated an
indirect effect of combined metal co-exposures on antibody concentrations, rather that the
association was exclusively direct.

Summary
Our results show that exposure to arsenic and lead have the potential to
disrupt humoral immune function in children. We show that in the case of arsenic exposure
there is a negative association with diphtheria antibody while with lead exposure there is a
positive association with tetanus antibody. This research provides further evidence that the
earliest windows of exposure are the most influential for immune development, as pregnancy
arsenic and lead exposures held the strongest associations compared to subsequent periods.
Manganese exposure, even at the highly elevated concentrations found in the study
population, did not demonstrate significant associations with vaccine antibody, potentially
demonstrating that prior evidence in adults may not be applicable to children. We
consistently observed differences in association by child sex and nutritional status. Notably,
female children and those kids with potentially lower nutritional status were most susceptible
to reduce antibody levels. These results further underscore that certain subpopulations are
more susceptible to the effects of environmental exposures.
There are numerous public health and policy implications that we hope this research
helps to highlight. Vaccination programs led by the Bangladeshi government and numerous
international and domestic aid agencies have had tremendous success at increasing childhood
vaccination coverage, but our results provide evidence that certain infectious disease
strategies should be revisited. Our data show that a large proportion of children fell below
clinically defined serum antibody protection levels by age 5, which means the majority of
children in Bangladesh are likely at elevated risk of contracting these preventable diseases.
This risk can be directly mitigated by implementing country-wide booster vaccinations for
children. The 3-dose DPT vaccine series given to children in our cohort and throughout
Bangladesh are administered free-of-charge, which has helped to ensure financial barriers for
individual families to receive the primary vaccination series are reduced. Although this
program is compliant with minimal WHO guidelines, standard vaccination strategies in
developed countries includes booster vaccination during early childhood. In Bangladesh,
booster vaccination after early toddlerhood is not government-subsidized, so families are
required to pay for any booster vaccines out-of-pocket. This expense is likely too high for
most families in Bangladesh to incur, which is evidenced by the fact that no families in our
cohort indicated they had purchased a booster vaccination for their child regardless of income
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level or medical history. Our work should support the decision by policymakers and nongovernmental agencies to offer free or highly subsidized booster vaccination to children in
Bangladesh, which can help to ensure the success of primary vaccination programs continues
throughout subsequent early childhood periods.
The evidence of adverse health effects following exposure to elevated drinking water
arsenic is supported by our work. Our study population had relatively modest concentrations
of arsenic in their drinking water, as most water samples were below the current Bangladeshi
arsenic standard of 50 µg/L. We believe our results add to the large body of evidence of
arsenic-related health effects at these modest exposure levels, which provides additional
support to policies that reduce the Bangladeshi standard of 50 µg/L to the WHO health-based
standard of 10 µg/L. A blanket reduction in the drinking water standard would lead to direct
reductions in arsenic exposures for the most susceptible subpopulations (e.g. pregnant women
and low nutritional status groups).
Lead exposure in Bangladesh is a pervasive problem that deserves special attention
for on-going and future public health efforts. Children’s blood lead levels typically decrease
as they grow older, which is typically due to a reduction in certain hand-to-mouth behaviors
and altered exposure pathways. Unlike lead-exposed populations in most other regions
around the world, many children in Bangladesh experience lead exposures that persist after
toddlerhood. Our work provides additional evidence of this problem, as children in our cohort
showed similar blood lead levels in late pregnancy, toddlerhood, and early childhood. We
hope this evidence can provide credence to the implementation of blood lead surveillance
programs, comprehensive evaluations of environmental sources of lead exposure, and tailored
lead exposure mitigation programs to communities throughout Bangladesh.
Our research also highlights numerous issues that should be addressed in future
research. The effects of moderate to high exposure to multiple metals on immune function is
still uncertain. Our cohort did have moderate to high level exposure to multiple contaminants,
but we were limited by the differing distribution of each type of exposure between our two
study locations in Sirajdikhan and Munshiganj. Experimental study designs are wellpositioned to address questions regarding the effects of varying mixture profiles and
immunological outcomes. Additional experimental evidence of these mixtures can help
influence the study design of epidemiologic studies investigating metal mixtures.
Additionally, it is important to determine if the associations observed within this Bangladeshi
population are consistent within other populations with similar exposures. Future studies
should address any inconsistencies in associations observed between different populations,
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which could be greatly aided by the addition of multi-study pooled analyses. A comparison of
our results with other studies shows the effect of metal exposures on humoral immunity may
be antibody-specific, which indicates there are likely differential effects of metals between
various cells and processes involved with immune function. Therefore, future work should
focus on further characterizing how exposure-response associations differ by vaccine type
(e.g. toxoid vs inactivated vs live-attenuated vaccines). Evidence of similarities and
differences in associations between vaccine types can help to identify the biological processes
underlying observed associations.
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Section A1. Distribution of covariates by drinking water arsenic measured throughout early life
Table A.1. Estimated drinking water arsenic concentrations (ug/L) during pregnancy, toddlerhood, and early childhood
by population characteristics (n=502).

Distribution
Pregnancy
Characteristics
n (%)
Overall
502
3.2 (1.2, 23.7)
Maternal Education
illiterate
52(10.4)
10.3 (1.3, 42)
primary
187(37.3)
1.9 (1.3, 13.2)
≥secondary
262(52.2)
3.2 (1.1, 22.2)
Child sex
male
255(50.8)
3.2 (1.2, 24.2)
female
246(49)
3.3 (1.2, 22.3)
Prior births (count)
0
211(42)
1.9 (1.1, 12.4)
1
145(28.9)
3.6 (1.2, 26.9)
2
92(18.3)
2.9 (1.1, 20.7)
≥3
53(10.6)
9.3 (1.7, 71.3)
Child age at serum draw (months)
≤ 60
149(29.7)
22.1 (1.7, 89.8)
>60
353(70.3)
1.8 (1.1, 4.6)
Total duration of breastfeeding (months)
≤ 20
129(25.7)
1.9 (1.2, 10)
21-36
135(26.9)
3.3 (1.3, 13.9)
25-36
185(36.9)
3.1 (1.1, 31.7)
≥ 40
50(10)
4.2 (1.1, 71.3)
Environmental smoke exposure - pregnancy

Drinking water arsenic
Median (IQR) µg/L
Toddlerhood
p-Value
7.1 (0.8, 47.7)

2.7 (0.3, 38.4)

0.18

13.8 (1.1, 76.8)
4.9 (0.7, 49.2)
9.4 (0.9, 45.5)

0.33

7.3 (0.8, 55.8)
1.1 (0.3, 31.4)
3.7 (0.3, 39.1)

0.08

0.7

7.9 (0.9, 47.7)
6.9 (0.7, 49.4)

0.41

3.6 (0.4, 37.2)
2.5 (0.3, 39.1)

0.31

0.02

5.1 (0.7, 33.5)
8.3 (0.9, 48.5)
5.3 (0.8, 38.7)
33.1 (2.5, 91.8)

0.06

1.9 (0.3, 30.9)
2.7 (0.4, 37.9)
4 (0.3, 40.5)
15.3 (0.3, 71.7)

0.36

<.001

18.6 (0.9, 91.4)
4.8 (0.7, 37.8)

0.01

17.6 (2, 74.8)
1 (0.3, 24.7)

<.001

0.6

4.2 (0.7, 28.9)
11 (0.9, 58.4)
8.3 (0.8, 45.5)
15.9 (0.7, 72.1)

0.14

1 (0.3, 15.4)
3.6 (0.3, 44.9)
4.7 (0.5, 41.5)
6.3 (0.4, 64.2)

0.02

p-Value

Childhood
p-Value
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no
316(62.9)
1.8 (1.1, 11.6)
yes
184(36.7)
4.9 (1.5, 55)
Environmental smoke exposure - age 5 years
no
283(56.4)
1.8 (1, 14.6)
yes
216(43)
4.2 (1.5, 40)
Season of serum draw at age 5 yr
Premonsoon
223(44.4)
4 (1.5, 21.9)
Monsoon
136(27.1)
3.1 (0.9, 12)
Postmonsoon
143(28.5)
1.9 (1.3, 29.7)
Stunted growth at age 5 yr
no
330(65.7)
3.3 (1.3, 27.6)
yes
168(33.5)
1.9 (1, 9.1)
Underweight at age 5 yr
no
362(72.1)
2 (1.2, 16.1)
yes
136(27.1)
4.1 (1.1, 36.5)
Diphtheria below clinical protection (<0.1 IU/mL)
no
159(31.7)
1.8 (1.1, 10.7)
yes
343(68.3)
3.5 (1.2, 27)
Tetanus below clinical protection (<0.1 IU/mL)
no
416(82.9)
3.2 (1.2, 23.8)
yes
86(17.1)
3.1 (1.1, 19.3)

<.001

4.9 (0.7, 34.5)
15.3 (1.4, 63.5)

0.01

1.8 (0.3, 30.8)
6.1 (0.5, 52.3)

0.02

<.001

5.3 (0.8, 43.7)
8.6 (0.8, 49.2)

0.41

2.2 (0.3, 37.6)
3.6 (0.3, 41.6)

0.29

<.001

9.2 (0.8, 65.7)
4.9 (0.8, 26.1)
10.8 (0.7, 45.5)

0.31

4.6 (0.5, 53.5)
1.5 (0.3, 25.9)
2.2 (0.3, 41.5)

0.02

0.02

10.5 (0.9, 55.4)
4.6 (0.7, 31.3)

0.03

3.7 (0.4, 41.5)
1.1 (0.3, 33.2)

0.04

0.26

8.2 (0.8, 50.7)
5.6 (0.8, 39.2)

0.61

2.1 (0.3, 35.1)
5 (0.3, 43)

0.41

0.11

5.8 (0.8, 44.5)
7.2 (0.8, 49.2)

0.97

1.8 (0.3, 38.2)
3.4 (0.3, 39.1)

0.69

0.74

6.6 (0.8, 46.1)
8.5 (0.9, 51.5)

0.89

2.5 (0.3, 38)
3.6 (0.3, 64.2)

0.84

Note: IQR, interquartile range (25th, 75th percentiles); IU international units; yr, years; Drinking water arsenic concentrations measured during
pregnancy, toddlerhood, and early childhood; p-Values estimated by Wilcoxon rank-sum (2 groups) or Kruskal-Wallis (>2 groups) tests for equality
by covariate levels for each W-As period
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Table A.2 Comparison of covariate distributions between children with
(n=502) and without (n=502) serum antibody titers.
Serum
(n=502)
n (%)

No Serum
(n=502)
n (%)

Characteristic
Maternal Education
illiterate
52 (10.38%)
90 (17.96%)
primary
187 (37.33%)
143 (28.54%)
≥secondary
262 (52.3%)
268 (53.49%)
Child sex
male
255 (50.9%)
256 (51.2%)
female
246 (49.1%)
244 (48.8%)
Prior births (count)
0
211 (42.12%)
193 (38.52%)
1
145 (28.94%)
153 (30.54%)
2
92 (18.36%)
98 (19.56%)
>3
53 (10.58%)
57 (11.38%)
Child age
≤60 months
149 (29.68%)
64 (14.04%)
>60 months
353 (70.32%)
392 (85.96%)
Total duration of breastfeeding
≤20 months
129 (25.85%)
122 (24.65%)
21-24 months
135 (27.05%)
129 (26.06%)
25-36 months
185 (37.07%)
206 (41.62%)
≥40 months
50 (10.02%)
38 (7.68%)
Environmental smoke exposure during pregnancy
no
316 (63.2%)
273 (54.49%)
yes
184 (36.8%)
228 (45.51%)
Environmental smoke exposure at age 5 yr
no
283 (56.71%)
315 (63.51%)
yes
216 (43.29%)
181 (36.49%)

p-Value
<.001

0.92

0.72

<.001

0.38

0.01

0.03

Note: p-Values calculated from chi squared significance tests. Percent (%)
values are shown for each covariate column.

Table A.3. Comparison of median and interquartile range (IQR) of
drinking water arsenic concentrations (µg/L) by children with (n=502) and
without (n=502) serum antibody titers.
Serum
W-As period

No Serum

n

median (IQR)

n

median (IQR)

p-Value

Pregnancy

501

3.2 (1.2,24)

501

13 (1.4,74)

<.001

Toddlerhood

473

7.1 (0.76,48)

411

12 (0.85,90)

0.10

Childhood

502

2.7 (0.35,38)

502

5.5 (0.35,58)

0.11
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Note: W-As represents drinking water arsenic; p-Values represent the likelihood
that W-As concentrations are equivalent between groups as estimated from MannWhitney rank sum tests.

Section A2. Sensitivity analyses of results presented in main article
performed without multiple imputation of missing drinking water
arsenic
Table A.4. Multivariate linear and logistic regression analyses of associations
between concentrations of drinking water arsenic (W-As) to serum concentrations of
diphtheria and tetanus antibody among children at age 5 with no missing W-As or
covariates (n=468).
W-Asa
Change (%) (95% CI)b,d
OR (95% CI)c,d
Diphtheria
Pregnancy
-5.6 (-11.8, 0.6)
1.08 (0.86, 1.09)
Toddlerhood
2.2 (-3.3, 7.7)
0.96 (0.91, 1.12)
Early childhood
2.2 (-2.9, 7.2)
1 (0.92, 1.11)
Tetanus
Pregnancy
-0.3 (-7.0, 6.4)
0.97 (0.86, 1.09)
Toddlerhood
-0.4 (-6.4, 5.5)
1.01 (0.91, 1.12)
Early childhood
-0.9 (-6.4, 4.5)
1.01 (0.92, 1.11)
a
W-As (log2-transformed) values at pregnancy, toddlerhood, and early childhood
were entered in the same regression model.
b
Percent change in median outcome per doubling in exposure.
c
Odds ratio (OR) for vaccine antibody concentration being below vs above the
clinically protective level of 0.1 IU/mL with a doubling in respective W-As.
d
Adjusted for maternal education (categorical), parity (continuous), child's sex
(binary), breastfeeding duration (months), child's age at serum draw (months),
environmental smoke exposure during pregnancy (yes/no) or at age 5 years (yes/no),
and season of serum draw (categorical).
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Table A.5. Associations between tertiles of maternal drinking water arsenic
concentrations during pregnancy (W-Aspregnancy) to serum concentrations of diphtheria
and tetanus antibody among children at age 5 with no missing W-As or covariates
(n=468).
W-As Tertiles:
Med (IQR) µg/L

Difference(%) (95% CI)a,b,d

OR (95% CI)a,c,d

Diphtheria
Pregnancy
Low: 1.0 (0.6, 1.2)
0.0 (ref)
1.0 (ref)
Medium: 3.3 (1.7, 4.2)
-0.7 (-21.1, 24.9)
0.98 (0.59, 1.64)
High: 60.6 (23.7, 167.0)
-22.9 (-41.9, 2.2)
1.99 (1.03, 3.83)
Tetanus
Pregnancy
Low: 1.0 (0.6, 1.2)
0.0 (ref)
1.0 (ref)
Medium: 3.3 (1.7, 4.2)
13.6 (-11.3, 45.4)
0.67 (0.35, 1.28)
High: 60.6 (23.7, 167.0)
-9.6 (-33.2, 22.4)
0.93 (0.44, 1.97)
Note: IQR, interquartile range; W-As, drinking water arsenic concentrations
a
W-As concentrations at pregnancy modeled as categorical variables (tertile), and W-Astoddlerhood and W-As-childhood were modeled as continuous (i.e. log2-transformed
µg/L) continuous covariates.
b
Outcome modeled as log2-transformed continuous antibody concentration (IU/mL),
which is interpreted as percent differences in antibody concentration between arsenic
exposure categories.
c
Odds ratio (OR) for vaccine antibody concentration falling below vs above clinically
protective level of 0.1 IU/mL.
d
Adjusted for maternal education (categorical), parity (continuous), child's sex (binary),
breastfeeding duration (months), child's age at serum draw (months), environmental
smoke exposure during pregnancy (yes/no) or at age 5 years (yes/no), and season of
serum draw (categorical).
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Table A.6. Percent changes in median diphtheria and tetanus antibody
concentrations per doubling in drinking water arsenic (W-As) among children
with no missing W-As or covariates (n=468). Results are stratified by child
sex, and height and weight categories of stunting and underweight measured
at age 5 years.
Sex
W-As
Diphtheria
Pregnancy
Toddlerhood
Early childhood
Tetanus
Pregnancy
Toddlerhood
Early childhood

W-As
Diphtheria
Pregnancy
Toddlerhood
Early childhood
Tetanus
Pregnancy
Toddlerhood
Early childhood

Males (n=235)
Change (%) (95% CI)

Females (n=233)
Change (%) (95% CI)

-2.6 (-12.2, 7.0)
2.1 (-6.2, 10.5)
5.9 (-1.5, 13.2)

-11.8 (-19.9, -3.7)
2.6 (-4.5, 9.8)
-1.9 (-8.7, 4.9)

4.9 (-5.8, 15.5)
1.5 (-7.7, 10.7)
-0.6 (-8.8, 7.5)

-8.5 (-16.8, -0.1)
-2.7 (-10.2, 4.8)
-0.9 (-8.0, 6.1)

Height
Adequate Height (n=312)
Stunted (n=156)
Change (%) (95% CI)
Change (%) (95% CI)
0.3 (-6.9, 7.5)
-0.7 (-7.4, 6.0)
-0.7 (-7.3, 6.0)

-22.6 (-35.1, -10.2)
12.1 (2.2, 22.0)
4.7 (-3.2, 12.6)

3.9 (-3.9, 11.8)
-1.1 (-8.4, 6.2)
-6.6 (-13.9, 0.6)

-7.5 (-21.1, 6.0)
4.7 (-6.1, 15.4)
6.1 (-2.5, 14.7)

Weight
Adequate weight (n=340)
Underweight (n=128)
Change (%) (95% CI)
Change (%) (95% CI)

W-As
Diphtheria
Pregnancy
-2.1 (-9.4, 5.2)
-15 (-27.3, -2.6)
Toddlerhood
1.7 (-4.6, 8.1)
3.9 (-8.0, 15.8)
Early childhood
0.4 (-5.8, 6.5)
7.2 (-1.9, 16.3)
Tetanus
Pregnancy
1.8 (-6.1, 9.7)
-4.3 (-17.4, 8.7)
Toddlerhood
-1.5 (-8.4, 5.3)
4 (-8.6, 16.6)
Early childhood
-2.6 (-9.2, 4.0)
4 (-5.7, 13.6)
Note: Average W-As (log2-transformed) at pregnancy, toddlerhood, and early
childhood were entered in the same multivariate linear regression model;
Outcome modeled as log2-transformed continuous antibody concentration
(IU/mL), and results are percent changes with doubling in exposure; Adjusted
for maternal education (categorical), parity (continuous), child's sex (except
for sex stratified columns), breastfeeding duration (months), child's age at
serum draw (months), environmental smoke exposure during pregnancy
(yes/no) or at age 5 years (yes/no), and season of serum draw (categorical).
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Section A3. Additional analysis: Unadjusted associations and tertiles of
drinking water arsenic at toddlerhood and early childhood
Table A.7. Multivariate linear and logistic regression analyses of
unadjusted associations between concentrations of drinking water
arsenic (W-As) to serum concentrations of diphtheria and tetanus
antibody among children at age 5 years (n=502).
W-Asa
Diphtheria

Change (%) (95% CI)b,d

OR (95% CI)c,d

Pregnancy
-6.3 (-12.0, -0.6)
1.09 (1.00, 1.19)
Toddlerhood
2.9 (-2.5, 8.2)
0.97 (0.89, 1.05)
Early childhood
1.8 (-3.0, 6.5)
1 (0.93, 1.07)
Tetanus
Pregnancy
-0.9 (-6.9, 5.2)
0.98 (0.88, 1.08)
Toddlerhood
-0.2 (-5.9, 5.5)
1.01 (0.92, 1.12)
Early childhood
-0.8 (-5.8, 4.3)
1.02 (0.93, 1.11)
a
Missing W-As values were estimated by multiple imputation; WAs (log2-transformed) values at pregnancy, toddlerhood, and early
childhood were entered in the same regression model.
b
Percent change in median outcome per doubling in exposure.
c
Odds ratio (OR) for vaccine antibody concentration being below
vs above the clinically protective level of 0.1 IU/mL with a
doubling in respective W-As.
d
No additional covariate adjustments were made
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Table A.8. Associations between drinking water arsenic (W-As) tertiles at
toddlerhood and childhood to serum antibody concentrations against diphtheria and
tetanus toxoid among children at age 5 with no missing W-As or covariates (n=468).
W-As Tertiles:
Med (IQR) µg/L

Difference (%) (95% CI)d

OR (95% CI)c,d

Diphtheria
Toddlerhood a
Low: 0.5 (0.4, 0.8)
0.0 (ref)
1.0 (ref)
Medium: 7.1 (4.2, 18.6)
2.8 (-18.1, 29.1)
0.92 (0.55, 1.54)
High: 88.9 (48.9, 187)
15.6 (-13.1, 53.6)
0.66 (0.35, 1.24)
b
Early Childhood
Low: 0.4 (0.4, 0.4)
0.0 (ref)
1.0 (ref)
Medium: 2.7 (1, 7.3)
20.6 (-3.7, 50.9)
1.15 (0.61, 2.15)
High: 76.5 (38.4, 164)
24.5 (-4.9, 63.1)
1.19 (0.55, 2.58)
Tetanus
Toddlerhood a
Low: 0.5 (0.4, 0.8)
0.0 (ref)
1.0 (ref)
Medium: 7.1 (4.2, 18.6)
-2 (-23.3, 25.2)
1.07 (0.65, 1.78)
High: 88.9 (48.9, 187)
-2.8 (-28.5, 32.1)
0.84 (0.46, 1.53)
b
Early Childhood
Low: 0.4 (0.4, 0.4)
0.0 (ref)
1.0 (ref)
Medium: 2.7 (1, 7.3)
-1.2 (-22.5, 25.8)
0.9 (0.49, 1.67)
High: 76.5 (38.4, 164)
-2.2 (-26.9, 30.9)
0.9 (0.43, 1.89)
Note: IQR, interquartile range; W-As, drinking water arsenic concentrations
a
W-As at toddlerhood modeled as categorical (i.e. tertiles), while W-As-pregnancy
and W-As-childhood were modeled as continuous (i.e. log2-transformed µg/L)
b
W-As at early childhood modeled as categorical (i.e. tertiles), while W-Aspregnancy and W-As-toddlerhood were modeled as continuous (i.e. log2-transformed
µg/L)
c
Odds ratio (OR) for vaccine antibody concentration falling below vs above clinically
protective level of 0.1 IU/mL.
d
Adjusted for maternal education (categorical), parity (continuous), child's sex
(binary), breastfeeding duration (months), child's age at serum draw (months),
environmental smoke exposure during pregnancy (yes/no) or at age 5 years (yes/no),
and season of serum draw (categorical).
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Table B1. Global model fit indices and criteria used to evaluate fit of structural equation models.

Criteria for model fit
Model fit index
Good Acceptable Poor
Comparative fit index (CFI)
>0.95 0.90-0.95 <0.90
Tucker-Lewis non-normed fit index (TLI)
>0.95 0.90-0.95 <0.90
Root mean square error of approximation (RMSEA)
<.05
0.05-0.08 >0.08
Note: All SEMs were required to meet good or acceptable fit for each model fit index.
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Table B2. Results from adjusted multiple linear regression models restricted to girls (n=245).
Arsenic

Manganese

Change (%) (95% CI)
Single element

a

Combined

Lead

Change (%) (95% CI)
b

Single element

a

Combined

Change (%) (95% CI)
b

Single elementa

Combinedb
3.4 (-10.2, 19.2)

Diphtheria
Pregnancy

-6.8 (-11.5, -1.7)

-5.8 (-11.2, -0.2)

-1.2 (-11.2, 10.0)

-0.5 (-10.8, 11.0)

7.1 (-6.4, 22.6)

Toddlerhood

0.6 (-4.1, 5.5)

0.9 (-3.9, 5.9)

0.9 (-8.3, 11.1)

0.3 (-9.1, 10.6)

3.4 (-17.1, 28.9)

2 (-18.4, 27.4)

Early childhood

0.2 (-4.1, 4.8)

0.3 (-4.1, 4.9)

4.3 (-3.8, 13.1)

3.7 (-4.4, 12.4)

8.2 (-15.4, 38.5)

2.7 (-20.6, 32.7)

Pregnancy

-4.6 (-9.7, 0.8)

-1.9 (-7.6, 4.1)

7.8 (-3.6, 20.6)

10.7 (-1.0, 23.8)

24.5 (8.4, 42.9)

23.6 (7.0, 42.9)

Toddlerhood

-2.7 (-7.5, 2.3)

-2.5 (-7.2, 2.5)

0.2 (-9.5, 11.0)

-1.3 (-10.8, 9.3)

3.9 (-18.1, 31.8)

2.2 (-20.1, 30.7)

Early childhood

0.2 (-4.4, 4.9)

0.4 (-4.1, 5.1)

3.2 (-5.2, 12.3)

1.1 (-6.9, 9.9)

-1 (-23.4, 27.9)

-6.1 (-28.3, 23.0)

Tetanus

Note: Missing values of arsenic, manganese, and lead were estimated by multiple imputation. All models are adjusted for maternal education
and breastfeeding duration. Outcomes are interpreted as percent change in median antibody concentration per doubling in given exposure.
a
Models include includes single metal exposure category (arsenic, manganese, or lead) at all three periods of exposure.
b
Model includes all metal exposure categories (arsenic, manganese, and lead) at all three periods of exposure.
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Table B3. Results from adjusted multiple linear regression models restricted to boys (n=252).
Arsenic

Manganese

Lead

Change (%) (95% CI)
Single
elementa
Combinedb

Change (%) (95% CI)

Change (%) (95% CI)

Single elementa

Combinedb

Single elementa

Combinedb

Diphtheria
Pregnancy

-1.8 (-7.8, 4.6)

-1.5 (-8.0, 5.4)

-1.7 (-10.5, 8.1)

-2 (-11.1, 8.1)

2.7 (-10.6, 17.9)

5 (-9.5, 21.8)

Toddlerhood

1.6 (-4.1, 7.8)

0.6 (-5.2, 6.9)

3.9 (-3.6, 11.9)

3.9 (-3.7, 12.2)

5.6 (-16.5, 33.4)

3.5 (-19.0, 32.4)

Early childhood

3.1 (-1.9, 8.3)

3.9 (-1.4, 9.4)

-4.6 (-11.3, 2.5)

-4.9 (-11.9, 2.6)

-14 (-30.4, 6.2)

-9.9 (-27.6, 12.1)

Pregnancy

4.1 (-2.8, 11.5)

4.4 (-3.0, 12.4)

3.7 (-6.4, 14.8)

2.5 (-7.8, 13.9)

0.4 (-13.7, 16.9)

7.5 (-8.5, 26.3)

Toddlerhood

1.1 (-5.1, 7.7)

0.8 (-5.5, 7.5)

-4.2 (-11.6, 3.7)

-4.5 (-12.0, 3.7)

-3.1 (-25.8, 26.6)

-0.4 (-23.9, 30.3)

Tetanus

Early childhood
-0.6 (-5.8, 4.8)
0.5 (-5.0, 6.3)
-4.4 (-11.6, 3.3)
-4.1 (-11.7, 4.1)
3.9 (-17.7, 31.3)
7 (-15.7, 35.7)
Note: Missing values of arsenic, manganese, and lead were estimated by multiple imputation. All models are adjusted for maternal education and
breastfeeding duration. Outcomes are interpreted as percent change in median antibody concentration per doubling in given exposure.
a
Models include includes single metal exposure category (arsenic, manganese, or lead) at all three periods of exposure.
b
Model includes all metal exposure categories (arsenic, manganese, and lead) at all three periods of exposure.
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Results from non-imputed multiple linear regression models

Table B4. Non-imputed results from adjusted multiple linear regression models of diphtheria and tetanus antibody outcomes for single and combined metal
exposures
Arsenic

Manganese

Lead

Change (%) (95% CI)

Change (%) (95% CI)

Change (%) (95% CI)

Single elementa

Combinedb

Single elementa

Combinedb

Single elementa

Combinedb

469

322

469

322

322

322

Pregnancy

-3.3 (-7.3, 0.8)

-3.1 (-8.5, 2.6)

-0.4 (-7.3, 7.1)

-2.7 (-10.3, 5.6)

7.4 (-4.4, 20.7)

6.9 (-5.5, 20.8)

Toddlerhood

1.6 (-2.2, 5.5)

2 (-2.6, 6.8)

2.9 (-3.0, 9.1)

5.8 (-1.2, 13.2)

9.4 (-7.6, 29.4)

6.1 (-10.7, 26.0)

Early childhood

1.2 (-2.2, 4.8)

1.8 (-2.4, 6.1)

-1.4 (-6.8, 4.4)

-2.2 (-8.2, 4.1)

-11.1 (-26.4, 7.5)

-9.3 (-25.2, 10.1)

Pregnancy

0.9 (-3.5, 5.5)

3.3 (-2.8, 9.8)

6.5 (-1.4, 15.1)

2.5 (-6.1, 11.8)

10.3 (-2.7, 25.0)

13.3 (-0.7, 29.3)

Toddlerhood

-0.5 (-4.5, 3.6)

-0.9 (-5.7, 4.1)

-2.5 (-8.5, 3.8)

-1.7 (-8.6, 5.8)

0.9 (-15.8, 20.9)

3.2 (-14.2, 24.2)

Early childhood

-0.6 (-4.2, 3.2)

0 (-4.4, 4.6)

-1.7 (-7.5, 4.5)

-4 (-10.3, 2.7)

0.6 (-17.9, 23.3)

2.6 (-16.7, 26.4)

Sample size (n)
Diphtheria

Tetanus

Note: Missing exposure values were not imputed. All models are adjusted for maternal education, breastfeeding duration, and child sex.
Outcomes are interpreted as percent change in median antibody concentration per doubling in given exposure.
a
Models include includes single metal exposure category (arsenic, manganese, or lead) at all three periods of exposure.
b
Model includes all metal exposure categories (arsenic, manganese, and lead) at all three periods of exposure.
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Table B5. Non-imputed results from adjusted multiple linear regression models restricted to girls (n=245).
Arsenic

Manganese

Change (%) (95% CI)
Single element
Sample size (n)

a

Combined

Lead

Change (%) (95% CI)
b

Single element

a

Combined

Change (%) (95% CI)
b

Single elementa

Combinedb

233

156

233

156

156

156

-6.3 (-11.3, -1.1)

-1.3 (-8.9, 6.8)

-0.3 (-10.6, 11.3)

-4.3 (-15.4, 8.4)

16 (-2.0, 37.4) †

15.3 (-3.7, 37.9)

Toddlerhood

1.5 (-3.4, 6.7)

1.9 (-4.3, 8.5)

2 (-7.5, 12.5)

7.4 (-4.9, 21.4)

9.4 (-13.6, 38.4)

8.1 (-15.3, 38.0)

Early childhood

-1.1 (-5.6, 3.6)

-1.5 (-7.2, 4.5)

3 (-5.5, 12.3)

1.3 (-8.3, 11.9)

-9.2 (-33.5, 23.9)

-13.3 (-37.5, 20.2)

Pregnancy

-3.9 (-9.2, 1.7)

2.7 (-4.9, 10.9)

8.7 (-3.0, 21.8)

7.2 (-4.9, 21.0)

28.3 (8.6, 51.5)

29.3 (8.6, 54.0)

Toddlerhood

-2.2 (-7.2, 3.0)

-5 (-10.6, 1.0)

2.8 (-7.1, 13.8)

4.1 (-7.6, 17.1)

1.7 (-19.3, 28.1)

0.5 (-20.7, 27.5)

Early childhood

-0.8 (-5.6, 4.2)

-1.4 (-6.9, 4.5)

0.3 (-8.4, 9.7)

-4.7 (-13.5, 5.0)

-2.6 (-28.2, 32.2)

-6.2 (-31.8, 28.8)

Diphtheria
Pregnancy

Tetanus

Note: Missing exposure values were not imputed. All models are adjusted for maternal education and breastfeeding duration. Outcomes are
interpreted as percent change in median antibody concentration per doubling in given exposure.
a
Models include includes single metal exposure category (arsenic, manganese, or lead) at all three periods of exposure.
b
Model includes all metal exposure categories (arsenic, manganese, and lead) at all three periods of exposure.
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Table B6. Non-imputed results from adjusted multiple linear regression models restricted to boys (n=252).
Arsenic

Manganese

Change (%) (95% CI)
Single element
Sample size (n)

a

Combined

Lead

Change (%) (95% CI)
b

Single element

a

Combined

Change (%) (95% CI)
b

Single elementa

Combinedb

236

166

236

166

166

166

Pregnancy

-2.4 (-8.4, 4.1)

-7.1 (-14.6, 1.1)

0 (-9.3, 10.2)

-0.4 (-11.1, 11.6)

4 (-11.7, 22.5)

3 (-13.8, 22.9)

Toddlerhood

1.9 (-3.7, 7.9)

1.9 (-4.9, 9.3)

3.5 (-4.0, 11.6)

6.8 (-2.0, 16.5)

5.4 (-17.4, 34.4)

0.1 (-22.1, 28.6)

Early childhood

3.6 (-1.5, 9.0)

5.3 (-0.8, 11.7)

-4.8 (-11.8, 2.7)

-6 (-13.6, 2.3)

-10.9 (-30.1, 13.5)

-4.3 (-25.6, 23.1)

Pregnancy

4.1 (-3.0, 11.7)

1.3 (-7.9, 11.3)

5.3 (-5.4, 17.1)

0.4 (-11.7, 14.1)

1.5 (-15.4, 21.9)

7.4 (-12.1, 31.2)

Toddlerhood

1.2 (-4.9, 7.8)

3 (-4.8, 11.4)

-5.2 (-12.7, 2.9)

-2.5 (-11.6, 7.5)

-5.5 (-28.0, 24.1)

-4.8 (-28.2, 26.4)

Early childhood

-0.5 (-5.9, 5.1)

1.5 (-5.0, 8.6)

-4.3 (-12.0, 4.0)

-4.2 (-12.9, 5.4)

4.8 (-20.1, 37.3)

9.2 (-17.8, 45.1)

Diphtheria

Tetanus

Note: Missing exposure values were not imputed. All models are adjusted for maternal education and breastfeeding duration. Outcomes are
interpreted as percent change in median antibody concentration per doubling in given exposure.
a
Models include includes single metal exposure category (arsenic, manganese, or lead) at all three periods of exposure.
b
Model includes all metal exposure categories (arsenic, manganese, and lead) at all three periods of exposure.
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Section 1: Model diagnostics – Stata multiple imputation linear models
Note: All diagnostic figures and output come from adjusted models for diphtheria or tetanus
antibody outcomes.

Arsenic models
Linearity and normality assumptions of residuals

Outlier tests of residuals
.
. iqr resid_as_dip //outlier test
mean= 1.0e-09
median= -.0299
10 trim= -.0069

std.dev.=
pseudo std.dev.=

1.378
1.381

(n= 497)
(IQR= 1.863)

inner fences
# mild outliers
% mild outliers

low
high
-------------------3.728
3.725
2
2
0.40%
0.40%

outer fences
# severe outliers
% severe outliers

-6.524
0
0.00%

6.52
0
0.00%
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. iqr resid_as_tet //outlier test
mean= -5.1e-10
median= .0503
10 trim= 3.2e-04

std.dev.=
pseudo std.dev.=

1.476
1.516

(n= 497)
(IQR= 2.046)

inner fences
# mild outliers
% mild outliers

low
high
-------------------4.113
4.069
0
2
0.00%
0.40%

outer fences
# severe outliers
% severe outliers

-7.182
0
0.00%

7.137
0
0.00%

Arsenic models Manganese models
Linearity and normality assumptions of residuals

Outlier tests of residuals
.
. iqr resid_mn_dip //outlier test
mean= 8.1e-10
median= -.0386
10 trim= -.0075

std.dev.=
pseudo std.dev.=

1.381
1.436

(n= 497)
(IQR= 1.937)

inner fences
# mild outliers
% mild outliers

low
high
-------------------3.884
3.866
1
2
0.20%
0.40%

outer fences
# severe outliers
% severe outliers

-6.79
0
0.00%

6.772
0
0.00%
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. iqr resid_mn_tet //outlier test
mean= -5.3e-10
median= .0393
10 trim= .0037

std.dev.=
pseudo std.dev.=

1.473
1.539

(n= 497)
(IQR= 2.076)

inner fences
# mild outliers
% mild outliers

low
high
-------------------4.183
4.119
0
2
0.00%
0.40%

outer fences
# severe outliers
% severe outliers

-7.297
0
0.00%

7.233
0
0.00%

Lead models
Linearity and normality assumptions of residuals

Outlier tests of residuals
. *Outlier review
. iqr resid_pb_dip
mean= 1.2e-09
median= -.0344
10 trim= -.0081

std.dev.=
pseudo std.dev.=

1.378
1.415

(n= 497)
(IQR= 1.909)

inner fences
# mild outliers
% mild outliers

low
high
-------------------3.833
3.804
1
2
0.20%
0.40%

outer fences
# severe outliers
% severe outliers

-6.697
0
0.00%

6.668
0
0.00%
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.
. iqr resid_pb_tet //outlier test
mean= -1.8e-09
median=
.034
10 trim= -.0083

std.dev.=
pseudo std.dev.=

1.465
1.5

(n= 497)
(IQR= 2.023)

inner fences
# mild outliers
% mild outliers

low
high
-------------------4.064
4.029
1
2
0.20%
0.40%

outer fences
# severe outliers
% severe outliers

-7.099
0
0.00%

7.065
0
0.00%
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Section 2: SEMs – R code and annotated output
Latent Antibody – Adjusted
## Warning in lav_data_full(data = data, group = group, cluster = cl
uster, : lavaan WARNING: 4 cases were deleted due to missing values
in
##
exogenous variable(s), while fixed.x = TRUE.

## [1] "Global fit(modg2.lv.adj): CFI= 0.983; TLI= 0.977; RMSEA (90%
CI)= 0.03 (0.01, 0.04)"
## Warning in is.na(caption): is.na() applied to non-(list or vector
) of type
## 'symbol'

modg2.lv.adj
Outcome
antibody
antibody
antibody
antibody
antibody

Exposure
Beta lower upper pvalue sig
metals
-0.139 -0.249 -0.029 0.013 *
gender
-0.063 -0.163 0.037 0.215
brst_age
0.007 -0.093 0.107 0.891
education1 0.129 -0.052 0.311 0.163
education2 0.135 -0.046 0.317 0.143
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## Warning in is.na(caption): is.na() applied to non-(list or vector
) of type
## 'symbol'

modg2.lv.adj
Latent Factor
metals
metals
metals
metals
metals
metals
metals
metals
metals
antibody
antibody

Indicator
FactLoad lower upper pvalue sig
lntotas1
0.590 0.522 0.657 0.000 ***
lntotas2
0.342 0.250 0.433 0.000 ***
lntotas3
0.433 0.351 0.515 0.000 ***
lntotmn1
0.006 -0.097 0.109 0.911
lntotmn2
-0.243 -0.346 -0.140 0.000 ***
lntotmn3
-0.176 -0.274 -0.079 0.000 ***
lncb_pb
-0.813 -0.875 -0.752 0.000 ***
lnbll_2040
-0.689 -0.765 -0.613 0.000 ***
lnbll_5
-0.707 -0.773 -0.640 0.000 ***
lndiptheria_original
0.727 0.684 0.770 0.000 ***
lntetanus_original
0.808 0.702 0.914 0.000 ***

## lavaan 0.6-3 ended normally after 87 iterations
##
##
Optimization method
NLMINB
##
Number of free parameters
48
##
##
Used
l
##
Number of observations
498
2
##
Number of missing patterns
7
##
##
Estimator
ML
t
##
Model Fit Test Statistic
96.962
4
##
Degrees of freedom
73
3
##
P-value (Chi-square)
0.032
4
##
Scaling correction factor
2
##
for the Yuan-Bentler correction (Mplus variant)
##
## Parameter Estimates:
##
##
Information
Observed
##
Observed information based on
Hessian
##
Standard Errors
Robust.huber.white

Tota
50

Robus
98.76
7
0.02
0.98
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##
## Latent Variables:
##
Estimate
Std.all
##
metals =~
##
lntotas1
1.590
0.590
##
lntotas2
1.047
0.342
##
lntotas3
1.418
0.433
##
lntotmn1
0.007
0.006
##
lntotmn2
-0.407
-0.243
##
lntotmn3
-0.308
-0.176
##
lncb_pb
-0.921
-0.813
##
lnbll_2040
-0.566
-0.689
##
lnbll_5
-0.538
-0.707
##
antibody =~
##
lndipther_rgnl
1.000
0.727
##
lntetanus_rgnl
1.185
0.808
##
## Regressions:
##
Estimate
Std.all
##
antibody ~
##
metals
-0.136
-0.139
##
gender
-0.128
-0.063
##
brst_age
0.001
0.007
##
education1
0.273
0.129
##
education2
0.138
0.135
##
metals ~
##
gender
0.078
0.038
##
brst_age
0.014
0.149
##
education1
-0.697
-0.323

Std.Err

z-value

P(>|z|)

Std.lv

0.112

14.208

0.000

1.654

0.146

7.182

0.000

1.089

0.141

10.052

0.000

1.475

0.064

0.111

0.911

0.007

0.082

-4.969

0.000

-0.423

0.085

-3.640

0.000

-0.320

0.052

-17.869

0.000

-0.958

0.041

-13.893

0.000

-0.588

0.028

-18.871

0.000

-0.559
1.017

0.100

11.894

0.000

1.205

Std.Err

z-value

P(>|z|)

Std.lv

0.056

-2.423

0.015

-0.139

0.104

-1.237

0.216

-0.126

0.005

0.137

0.891

0.001

0.197

1.387

0.166

0.268

0.095

1.454

0.146

0.136

0.103

0.762

0.446

0.075

0.005

2.960

0.003

0.013

0.190

-3.673

0.000

-0.670
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##
education2
-0.159
-0.153
##
## Covariances:
##
Estimate
Std.all
## .lntotas1 ~~
##
.lntotas2
3.405
0.501
##
.lntotas3
2.812
0.404
## .lntotas2 ~~
##
.lntotas3
5.034
0.547
## .lntotmn1 ~~
##
.lntotmn2
0.603
0.282
##
.lntotmn3
0.579
0.256
## .lntotmn2 ~~
##
.lntotmn3
1.422
0.471
## .lnbll_2040 ~~
##
.lnbll_5
0.103
0.298
##
## Intercepts:
##
Estimate
Std.all
##
.lntotas1
2.427
0.865
##
.lntotas2
2.907
0.911
##
.lntotas3
2.172
0.638
##
.lntotmn1
8.907
7.029
##
.lntotmn2
9.254
5.314
##
.lntotmn3
9.161
5.041
##
.lncb_pb
1.579
1.341
##
.lnbll_2040
2.650
3.104
##
.lnbll_5
2.192
2.770
##
.lndipther_rgnl
-4.241
-3.030
##
.lntetanus_rgnl
-2.593

0.089

-1.795

0.073

-0.153

Std.Err

z-value

P(>|z|)

Std.lv

0.407

8.370

0.000

3.405

0.383

7.347

0.000

2.812

0.487

10.334

0.000

5.034

0.106

5.675

0.000

0.603

0.110

5.253

0.000

0.579

0.161

8.806

0.000

1.422

0.029

3.585

0.000

0.103

Std.Err

z-value

P(>|z|)

Std.lv

0.362

6.706

0.000

2.427

0.263

11.051

0.000

2.907

0.338

6.431

0.000

2.172

0.057

157.031

0.000

8.907

0.119

77.483

0.000

9.254

0.104

88.324

0.000

9.161

0.206

7.660

0.000

1.579

0.128

20.693

0.000

2.650

0.121

18.166

0.000

2.192

0.235

-18.022

0.000

-4.241

0.272

-9.519

0.000

-2.593
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-1.739
##
.metals
0.000
0.000
##
.antibody
0.000
0.000
##
## Variances:
##
Estimate
Std.all
##
.metals
1.000
0.924
##
.antibody
1.000
0.966
##
.lntotas1
5.133
0.652
##
.lntotas2
8.986
0.883
##
.lntotas3
9.420
0.812
##
.lntotmn1
1.606
1.000
##
.lntotmn2
2.853
0.941
##
.lntotmn3
3.200
0.969
##
.lncb_pb
0.470
0.338
##
.lnbll_2040
0.383
0.525
##
.lnbll_5
0.313
0.500
##
.lndipther_rgnl
0.924
0.472
##
.lntetanus_rgnl
0.770
0.346

0.000
0.000

Std.Err

z-value

P(>|z|)

Std.lv
0.924
0.966

0.395

12.989

0.000

5.133

0.458

19.630

0.000

8.986

0.514

18.339

0.000

9.420

0.167

9.630

0.000

1.606

0.344

8.291

0.000

2.853

0.356

8.995

0.000

3.200

0.072

6.487

0.000

0.470

0.042

9.009

0.000

0.383

0.032

9.705

0.000

0.313

0.115

8.045

0.000

0.924

0.185

4.158

0.000

0.770
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Latent Antibody – sex stratified – Adjusted
Note Same as modg2.lv.adj, but removed gender as predictor to produce adjusted
model
#Same as modg2.lv.adj, but removed gender as predictor
modg2.lv.adj.sex <- '
#Latent factors
metals=~ NA*lntotas1 + lntotas2 + lntotas3 + lntotmn1 + lntotmn2 + l
ntotmn3 + lncb_pb + lnbll_2040 + lnbll_5
antibody=~ lndiptheria_original + lntetanus_original
#Primary regression
antibody ~ metals + brst_age + education1 + education2
metals ~ brst_age + education1 + education2
#Fix variances
metals~~1*metals
antibody~~1*antibody
#Add in antibody covariance - removed in lv antibody
#lndiptheria_original ~~ lntetanus_original
#COVARIANCE - within metals based on highest mi/epc
#As only
lntotas1~~lntotas2
lntotas1~~lntotas3
lntotas2~~lntotas3
#Mn only
lntotmn1~~lntotmn2
lntotmn1~~lntotmn3
lntotmn2~~lntotmn3
#Pb only
lnbll_2040~~lnbll_5
'
modg2.fit.sex.adj <- lavaan:::cfa(modg2.lv.adj.sex, data=df.all, est
imator="MLR", missing="fiml", group="gender")
## Warning in lav_data_full(data = data, group = group, cluster = cl
uster, : lavaan WARNING: group variable 'gender' contains missing va
lues
## Warning in lav_data_full(data = data, group = group, cluster = cl
uster, : lavaan WARNING: -1 cases were deleted in group 1 due to mis
sing values in
##
exogenous variable(s), while fixed.x = TRUE.
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## Warning in lav_data_full(data = data, group = group, cluster = cl
uster, : lavaan WARNING: -2 cases were deleted in group 0 due to mis
sing values in
##
exogenous variable(s), while fixed.x = TRUE.
#Figure
semPaths(modg2.fit.sex.adj, title=F, curvePivot=T,"model", "std",sty
le = "lisrel",rotation=2,intercepts=F,groups="manifests",sizeMan = 1
0, sizeLat = 10, edge.label.cex=1)

title(inspect(modg2.fit.sex.adj, what="call")$model)
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#goodness of fit
sem.fitoutput(modg2.fit.sex.adj)
## [1] "Global fit(modg2.lv.adj.sex): CFI= 0.971; TLI= 0.96; RMSEA (
90% CI)= 0.04 (0.02, 0.05)"
#Specific regression estimates
semtable.regress(modg2.fit.sex.adj)
## Warning in is.na(caption): is.na() applied to non-(list or vector
) of type
## 'symbol'

modg2.lv.adj.sex
Outcome Exposure

Beta

lower

upper pvalue sig

antibody

metals

-0.309 -0.447 -0.170

antibody

brst_age

0.187

0.064

0.309

0.003 **

antibody

education1

0.156 -0.074

0.386

0.184

antibody

education2

0.290

0.067

0.513

0.011 *

antibody

metals

0.018 -0.138

0.174

0.822

antibody

brst_age

antibody

education1

0.147 -0.101

0.395

0.244

antibody

education2

0.025 -0.227

0.277

0.846

-0.162 -0.308 -0.016

0.000 ***

0.029 *
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#Factor loadings
semtable.factors(modg2.fit.sex.adj)
## Warning in is.na(caption): is.na() applied to non-(list or vector
) of type
## 'symbol'

modg2.lv.adj.sex
Latent Factor Indicator

FactLoad

lower

upper pvalue sig

metals

lntotas1

0.595

0.495

0.695

0.000 ***

metals

lntotas2

0.322

0.190

0.455

0.000 ***

metals

lntotas3

0.357

0.231

0.483

0.000 ***

metals

lntotmn1

-0.077 -0.235

0.081

0.341

metals

lntotmn2

-0.259 -0.409 -0.108

0.001 ***

metals

lntotmn3

-0.166 -0.302 -0.030

0.017 *

metals

lncb_pb

-0.791 -0.883 -0.700

0.000 ***

metals

lnbll_2040

-0.716 -0.835 -0.597

0.000 ***

metals

lnbll_5

-0.805 -0.899 -0.712

0.000 ***

antibody

lndiptheria_original

0.781

0.711

0.851

0.000 ***

antibody

lntetanus_original

0.753

0.618

0.888

0.000 ***

metals

lntotas1

0.594

0.496

0.691

0.000 ***

metals

lntotas2

0.353

0.214

0.492

0.000 ***

metals

lntotas3

0.501

0.390

0.612

0.000 ***

metals

lntotmn1

0.048 -0.103

0.199

0.533

metals

lntotmn2

-0.267 -0.414 -0.120

0.000 ***

metals

lntotmn3

-0.192 -0.333 -0.052

0.007 **

metals

lncb_pb

-0.821 -0.920 -0.723

0.000 ***

metals

lnbll_2040

-0.666 -0.772 -0.560

0.000 ***

metals

lnbll_5

-0.631 -0.730 -0.532

0.000 ***

antibody

lndiptheria_original

0.709

0.649

0.769

0.000 ***

antibody

lntetanus_original

0.839

0.683

0.995

0.000 ***

#Summary
summary(modg2.fit.sex.adj, standardized=T, fit.measures=F, modindice
s=F)
## lavaan 0.6-3 ended normally after 168 iterations
##
##
Optimization method
NLMINB
##
Number of free parameters
92
##
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##
Used
l
##
Number of observations per group
##
1
245
6
##
0
253
5
##
Number of missing patterns per group
##
1
7
##
0
5
##
##
Estimator
ML
t
##
Model Fit Test Statistic
169.252
1
##
Degrees of freedom
128
8
##
P-value (Chi-square)
0.009
4
##
Scaling correction factor
2
##
for the Yuan-Bentler correction (Mplus variant)
##
## Chi-square for each group:
##
##
1
86.878
3
##
0
82.374
8
##
## Parameter Estimates:
##
##
Information
Observed
##
Observed information based on
Hessian
##
Standard Errors
Robust.huber.white
##
##
## Group 1 [1]:
##
## Latent Variables:
##
Estimate Std.Err z-value P(>|z|)
Std.all
##
metals =~
##
lntotas1
1.561
0.162
9.661
0.000
0.595
##
lntotas2
1.004
0.212
4.734
0.000
0.322
##
lntotas3
1.166
0.211
5.514
0.000
0.357
##
lntotmn1
-0.086
0.090
-0.963
0.336

Tota

24
25

Robus
174.19
12
0.00
0.97

89.41
84.77

Std.lv

1.629
1.047
1.217
-0.090
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-0.077
##
lntotmn2
-0.382
-0.259
##
lntotmn3
-0.273
-0.166
##
lncb_pb
-0.897
-0.791
##
lnbll_2040
-0.612
-0.716
##
lnbll_5
-0.580
-0.805
##
antibody =~
##
lndipther_rgnl
1.000
0.781
##
lntetanus_rgnl
0.992
0.753
##
## Regressions:
##
Estimate
Std.all
##
antibody ~
##
metals
-0.317
-0.309
##
brst_age
0.017
0.187
##
education1
0.345
0.156
##
education2
0.311
0.290
##
metals ~
##
brst_age
0.017
0.190
##
education1
-0.434
-0.201
##
education2
0.002
0.002
##
## Covariances:
##
Estimate
Std.all
## .lntotas1 ~~
##
.lntotas2
2.923
0.431
##
.lntotas3
2.501
0.357
## .lntotas2 ~~
##
.lntotas3
5.654
0.578
## .lntotmn1 ~~
##
.lntotmn2
0.589

0.112

-3.398

0.001

-0.399

0.113

-2.416

0.016

-0.285

0.075

-12.040

0.000

-0.937

0.067

-9.199

0.000

-0.639

0.042

-13.670

0.000

-0.606
1.071

0.115

8.622

0.000

1.063

Std.Err

z-value

P(>|z|)

Std.lv

0.080

-3.975

0.000

-0.309

0.006

2.865

0.004

0.016

0.261

1.320

0.187

0.322

0.126

2.478

0.013

0.291

0.006

2.736

0.006

0.017

0.280

-1.549

0.121

-0.416

0.128

0.015

0.988

0.002

Std.Err

z-value

P(>|z|)

Std.lv

0.548

5.338

0.000

2.923

0.516

4.851

0.000

2.501

0.710

7.963

0.000

5.654

0.128

4.614

0.000

0.589
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0.338
##
.lntotmn3
0.535
0.270
## .lntotmn2 ~~
##
.lntotmn3
1.385
0.548
## .lnbll_2040 ~~
##
.lnbll_5
0.075
0.271
##
## Intercepts:
##
Estimate
Std.all
##
.lntotas1
1.826
0.667
##
.lntotas2
2.469
0.760
##
.lntotas3
1.648
0.484
##
.lntotmn1
9.009
7.690
##
.lntotmn2
9.374
6.078
##
.lntotmn3
9.251
5.380
##
.lncb_pb
1.849
1.562
##
.lnbll_2040
2.863
3.210
##
.lnbll_5
2.308
3.069
##
.lndipther_rgnl
-4.901
-3.573
##
.lntetanus_rgnl
-3.288
-2.329
##
.metals
0.000
0.000
##
.antibody
0.000
0.000
##
## Variances:
##
Estimate
Std.all
##
.metals
1.000
0.918
##
.antibody
1.000
0.871
##
.lntotas1
4.847
0.646
##
.lntotas2
9.470

0.139

3.848

0.000

0.535

0.205

6.765

0.000

1.385

0.046

1.639

0.101

0.075

Std.Err

z-value

P(>|z|)

Std.lv

0.493

3.701

0.000

1.826

0.363

6.801

0.000

2.469

0.402

4.105

0.000

1.648

0.078

115.774

0.000

9.009

0.154

60.922

0.000

9.374

0.139

66.765

0.000

9.251

0.285

6.481

0.000

1.849

0.188

15.242

0.000

2.863

0.179

12.924

0.000

2.308

0.293

-16.729

0.000

-4.901

0.266

-12.378

0.000

-3.288
0.000
0.000

Std.Err

z-value

P(>|z|)

Std.lv
0.918
0.871

0.536

9.040

0.000

4.847

0.657

14.420

0.000

9.470

113
0.896
##
.lntotas3
10.115
0.872
##
.lntotmn1
1.364
0.994
##
.lntotmn2
2.220
0.933
##
.lntotmn3
2.875
0.973
##
.lncb_pb
0.524
0.374
##
.lnbll_2040
0.388
0.487
##
.lnbll_5
0.199
0.351
##
.lndipther_rgnl
0.734
0.390
##
.lntetanus_rgnl
0.863
0.433
##
##
## Group 2 [0]:
##
## Latent Variables:
##
Estimate
Std.all
##
metals =~
##
lntotas1
1.622
0.594
##
lntotas2
1.052
0.353
##
lntotas3
1.623
0.501
##
lntotmn1
0.062
0.048
##
lntotmn2
-0.487
-0.267
##
lntotmn3
-0.350
-0.192
##
lncb_pb
-0.918
-0.821
##
lnbll_2040
-0.521
-0.666
##
lnbll_5
-0.494
-0.631
##
antibody =~
##
lndipther_rgnl
1.000
0.709
##
lntetanus_rgnl
1.283
0.839

0.734

13.782

0.000

10.115

0.192

7.123

0.000

1.364

0.251

8.837

0.000

2.220

0.260

11.060

0.000

2.875

0.100

5.248

0.000

0.524

0.069

5.625

0.000

0.388

0.043

4.575

0.000

0.199

0.162

4.543

0.000

0.734

0.204

4.234

0.000

0.863

Std.Err

z-value

P(>|z|)

Std.lv

0.160

10.162

0.000

1.701

0.216

4.869

0.000

1.103

0.197

8.237

0.000

1.702

0.101

0.615

0.539

0.065

0.124

-3.932

0.000

-0.511

0.126

-2.783

0.005

-0.367

0.076

-12.080

0.000

-0.963

0.053

-9.802

0.000

-0.546

0.043

-11.493

0.000

-0.518

1.021
0.157

8.180

0.000

1.310
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##
## Regressions:
##
Std.all
##
antibody ~
##
metals
0.018
##
brst_age
-0.162
##
education1
0.147
##
education2
0.025
##
metals ~
##
brst_age
0.086
##
education1
-0.446
##
education2
-0.301
##
## Covariances:
##
Std.all
## .lntotas1 ~~
##
.lntotas2
0.573
##
.lntotas3
0.454
## .lntotas2 ~~
##
.lntotas3
0.518
## .lntotmn1 ~~
##
.lntotmn2
0.243
##
.lntotmn3
0.244
## .lntotmn2 ~~
##
.lntotmn3
0.411
## .lnbll_2040 ~~
##
.lnbll_5
0.325
##
## Intercepts:
##
Std.all
##
.lntotas1
1.130
##
.lntotas2

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

0.017

0.078

0.225

0.822

0.018

-0.015

0.007

-2.124

0.034

-0.014

0.313

0.270

1.156

0.248

0.306

0.026

0.132

0.194

0.846

0.025

0.008

0.007

1.156

0.248

0.008

-0.972

0.251

-3.865

0.000

-0.927

-0.316

0.119

-2.652

0.008

-0.301

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

3.863

0.612

6.306

0.000

3.863

3.079

0.580

5.304

0.000

3.079

4.457

0.676

6.597

0.000

4.457

0.605

0.167

3.631

0.000

0.605

0.617

0.168

3.679

0.000

0.617

1.421

0.243

5.856

0.000

1.421

0.127

0.042

3.027

0.002

0.127

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

3.238

0.516

6.272

0.000

3.238

3.493

0.378

9.237

0.000

3.493
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1.118
##
.lntotas3
3.033
0.892
##
.lntotmn1
8.864
6.568
##
.lntotmn2
9.041
4.718
##
.lntotmn3
9.004
4.721
##
.lncb_pb
1.195
1.019
##
.lnbll_2040
2.419
2.950
##
.lnbll_5
2.044
2.490
##
.lndipther_rgnl
-3.756
-2.608
##
.lntetanus_rgnl
-1.923
-1.232
##
.metals
0.000
0.000
##
.antibody
0.000
0.000
##
## Variances:
##
Estimate
Std.all
##
.metals
1.000
0.909
##
.antibody
1.000
0.959
##
.lntotas1
5.316
0.648
##
.lntotas2
8.541
0.875
##
.lntotas3
8.665
0.749
##
.lntotmn1
1.817
0.998
##
.lntotmn2
3.411
0.929
##
.lntotmn3
3.503
0.963
##
.lncb_pb
0.447
0.325
##
.lnbll_2040
0.374
0.556
##
.lnbll_5
0.405
0.602
##
.lndipther_rgnl
1.032

0.517

5.871

0.000

3.033

0.090

98.684

0.000

8.864

0.193

46.931

0.000

9.041

0.157

57.352

0.000

9.004

0.287

4.168

0.000

1.195

0.162

14.898

0.000

2.419

0.151

13.547

0.000

2.044

0.332

-11.331

0.000

-3.756

0.416

-4.626

0.000

-1.923
0.000
0.000

Std.Err

z-value

P(>|z|)

Std.lv
0.909
0.959

0.592

8.980

0.000

5.316

0.658

12.989

0.000

8.541

0.744

11.653

0.000

8.665

0.263

6.911

0.000

1.817

0.637

5.359

0.000

3.411

0.653

5.363

0.000

3.503

0.118

3.785

0.000

0.447

0.059

6.332

0.000

0.374

0.048

8.488

0.000

0.405

0.169

6.119

0.000

1.032
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0.498
##
.lntetanus_rgnl
0.296

0.722

0.306

2.356

0.018

0.722

Weight-for-age mediation – Adjusted
## Warning in lav_data_full(data = data, group = group, cluster = cl
uster, : lavaan WARNING: 4 cases were deleted due to missing values
in
##
exogenous variable(s), while fixed.x = TRUE.

## [1] "Global fit(med.lv.adj.wfa): CFI= 0.97; TLI= 0.96; RMSEA (90%
CI)= 0.03 (0.02, 0.04)"
## Warning in is.na(caption): is.na() applied to non-(list or vector
) of type
## 'symbol'

med.lv.adj.wfa
Outcome Exposure
antibody metals
antibody gender

Beta lower upper pvalue sig
-0.134 -0.245 -0.024 0.017 *
-0.056 -0.157 0.045 0.280
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antibody
antibody
antibody
wfa
antibody
indirect
total

brst_age
0.014 -0.086 0.114
education1 0.122 -0.060 0.303
education2 0.124 -0.058 0.307
metals
-0.110 -0.205 -0.015
wfa
0.059 -0.040 0.157
a*b
-0.006 -0.018 0.006
c+(a*b)
-0.141 -0.251 -0.031

0.785
0.190
0.182
0.024 *
0.242
0.291
0.012 *

## Warning in is.na(caption): is.na() applied to non-(list or vector
) of type
## 'symbol'

med.lv.adj.wfa
Latent Factor
metals
metals
metals
metals
metals
metals
metals
metals
metals
antibody
antibody

Indicator
FactLoad lower upper pvalue sig
lntotas1
0.590 0.521 0.658 0.000 ***
lntotas2
0.339 0.247 0.431 0.000 ***
lntotas3
0.432 0.350 0.514 0.000 ***
lntotmn1
0.005 -0.098 0.108 0.929
lntotmn2
-0.244 -0.347 -0.142 0.000 ***
lntotmn3
-0.178 -0.275 -0.081 0.000 ***
lncb_pb
-0.810 -0.871 -0.748 0.000 ***
lnbll_2040
-0.690 -0.765 -0.615 0.000 ***
lnbll_5
-0.710 -0.775 -0.644 0.000 ***
lndiptheria_original
0.726 0.683 0.770 0.000 ***
lntetanus_original
0.811 0.704 0.919 0.000 ***

## lavaan 0.6-3 ended normally after 83 iterations
##
##

Optimization method

##

Number of free parameters

NLMINB
52

##
##

Used

Total
##

Number of observations

498

502
##

Number of missing patterns

7

##
##

Estimator

ML
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Robust
##

Model Fit Test Statistic

130.159

131.712
##

Degrees of freedom

86

86
##

P-value (Chi-square)

0.001

0.001
##

Scaling correction factor

0.988
##

for the Yuan-Bentler correction (Mplus variant)

##
## Parameter Estimates:
##
##

Information

Observed

##

Observed information based on

##

Standard Errors

Hessian
Robust.huber.white

##
## Latent Variables:
##

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

lntotas1

1.588

0.112

14.120

0.000

1.654

lntotas2

1.038

0.146

7.092

0.000

1.081

lntotas3

1.413

0.141

10.003

0.000

1.472

lntotmn1

0.006

0.064

0.089

0.929

0.006

lntotmn2

-0.409

0.081

-5.019

0.000

-0.426

lntotmn3

-0.311

0.084

-3.681

0.000

-0.324

Std.all
##

metals =~

##
0.590
##
0.339
##
0.432
##
0.005
##
-0.244
##
-0.178
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##

lncb_pb

-0.916

0.052

-17.746

0.000

-0.954

lnbll_2040

-0.566

0.041

-13.964

0.000

-0.589

lnbll_5

-0.539

0.028

-19.076

0.000

-0.561

-0.810
##
-0.690
##
-0.710
##

antibody =~

##

lndipther_rgnl

1.000

1.018

lntetanus_rgnl

1.188

0.101

11.791

0.000

1.210

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

-0.131

0.056

-2.345

0.019

-0.134

-0.113

0.105

-1.078

0.281

-0.111

brst_age

0.001

0.005

0.272

0.785

0.001

education1

0.256

0.197

1.304

0.192

0.252

education2

0.127

0.096

1.326

0.185

0.124

0.726
##
0.811
##
## Regressions:
##
Std.all
##

antibody ~

##

metals

(c)

-0.134
##

gender

-0.056
##
0.014
##
0.122
##
0.124
##

metals ~

##

gender

0.086

0.104

0.833

0.405

0.083

brst_age

0.014

0.005

3.008

0.003

0.013

-0.707

0.190

-3.713

0.000

-0.679

0.041
##
0.152
##
-0.328

education1
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##

education2

-0.165

0.089

-1.851

0.064

-0.159

(a)

-0.118

0.053

-2.247

0.025

-0.123

(b)

0.053

0.046

1.167

0.243

0.052

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

-0.158
##

wfa ~

##

metals

-0.110
##

antibody ~

##

wfa

0.059
##
## Covariances:
##
Std.all
##

.lntotas1 ~~

##

.lntotas2

3.418

0.409

8.363

0.000

3.418

.lntotas3

2.817

0.384

7.339

0.000

2.817

5.049

0.487

10.361

0.000

5.049

1.419

0.161

8.795

0.000

1.419

0.503
##
0.405
##

.lntotas2 ~~

##

.lntotas3

0.548
##

.lntotmn2 ~~

##

.lntotmn3

0.470
##

.lntotmn1 ~~

##

.lntotmn2

0.602

0.106

5.671

0.000

0.602

.lntotmn3

0.579

0.110

5.253

0.000

0.579

0.102

0.028

3.580

0.000

0.102

0.282
##
0.255
##

.lnbll_2040 ~~

##

.lnbll_5

0.296
##
## Intercepts:
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##

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

.lntotas1

2.423

0.362

6.689

0.000

2.423

.lntotas2

2.904

0.262

11.095

0.000

2.904

.lntotas3

2.168

0.337

6.424

0.000

2.168

.lntotmn1

8.907

0.057

157.018

0.000

8.907

.lntotmn2

9.255

0.120

77.138

0.000

9.255

.lntotmn3

9.162

0.104

87.860

0.000

9.162

.lncb_pb

1.582

0.206

7.696

0.000

1.582

.lnbll_2040

2.653

0.128

20.665

0.000

2.653

.lnbll_5

2.194

0.121

18.087

0.000

2.194

-4.178

0.243

-17.160

0.000

-4.178

.lntetanus_rgnl

-2.519

0.284

-8.857

0.000

-2.519

.wfa

-1.288

0.057

-22.590

0.000

-1.288

Std.all
##
0.864
##
0.911
##
0.637
##
7.029
##
5.315
##
5.041
##
1.343
##
3.105
##
2.772
##

.lndipther_rgnl

-2.980
##
-1.688
##
-1.149
##

.metals

0.000

0.000

.antibody

0.000

0.000

0.000
##
0.000
##
## Variances:
##

Estimate

Std.Err

z-value

P(>|z|)

Std.lv
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Std.all
##

.metals

1.000

0.922

.antibody

1.000

0.965

.lntotas1

5.132

0.397

12.911

0.000

5.132

.lntotas2

9.004

0.457

19.695

0.000

9.004

.lntotas3

9.429

0.514

18.345

0.000

9.429

.lntotmn1

1.606

0.167

9.627

0.000

1.606

.lntotmn2

2.851

0.344

8.287

0.000

2.851

.lntotmn3

3.198

0.356

8.990

0.000

3.198

.lncb_pb

0.478

0.072

6.607

0.000

0.478

.lnbll_2040

0.382

0.042

9.033

0.000

0.382

.lnbll_5

0.311

0.032

9.662

0.000

0.311

.lndipther_rgnl

0.929

0.116

8.033

0.000

0.929

.lntetanus_rgnl

0.761

0.189

4.037

0.000

0.761

.wfa

1.241

0.090

13.753

0.000

1.241

Estimate

Std.Err

z-value

P(>|z|)

Std.lv

0.922
##
0.965
##
0.652
##
0.885
##
0.813
##
1.000
##
0.940
##
0.968
##
0.344
##
0.524
##
0.497
##
0.473
##
0.342
##
0.988
##
## Defined Parameters:
##
Std.all
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##

indirect

-0.006

0.006

-1.055

0.291

-0.006

total

-0.138

0.056

-2.462

0.014

-0.141

-0.006
##
-0.141

Section 3: GAMs - R code and annotated output
Arsenic GAMs
Diphtheria
##
## Call:
## lm(formula = lndiptheria_original ~ ns(lntotas1, df = 3) + ns(lnt
otas2,
##
df = 3) + ns(lntotas3, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -4.3786 -0.9637 -0.0746 0.9823 4.0310
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-4.33992
0.25873 -16.774
<2e-16 ***
## ns(lntotas1, df = 3)1 -0.79822
0.37560 -2.125
0.0341 *
## ns(lntotas1, df = 3)2 0.22313
0.61135
0.365
0.7153
## ns(lntotas1, df = 3)3 -0.09658
0.45225 -0.214
0.8310
## ns(lntotas2, df = 3)1 0.62512
0.36340
1.720
0.0861 .
## ns(lntotas2, df = 3)2 -0.15944
0.49759 -0.320
0.7488
## ns(lntotas2, df = 3)3 -0.12859
0.47328 -0.272
0.7860
## ns(lntotas3, df = 3)1 -0.36727
0.44209 -0.831
0.4065
## ns(lntotas3, df = 3)2 0.82225
0.47981
1.714
0.0873 .
## ns(lntotas3, df = 3)3 0.23461
0.47688
0.492
0.6230
## --## Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
##
## Residual standard error: 1.391 on 462 degrees of freedom
##
(30 observations deleted due to missingness)
## Multiple R-squared: 0.02327,
Adjusted R-squared: 0.004239
## F-statistic: 1.223 on 9 and 462 DF, p-value: 0.2786
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Tetanus
##
## Call:
## lm(formula = lntetanus_original ~ ns(lntotas1, df = 3) + ns(lntot
as2,
##
df = 3) + ns(lntotas3, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -3.6776 -1.0604 0.0725 1.0119 5.8505
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-2.6319
0.2793 -9.424
<2e-16 ***
## ns(lntotas1, df = 3)1 -0.4154
0.4055 -1.024
0.306
## ns(lntotas1, df = 3)2
0.9359
0.6599
1.418
0.157
## ns(lntotas1, df = 3)3
0.3243
0.4882
0.664
0.507
## ns(lntotas2, df = 3)1
0.1697
0.3923
0.432
0.666
## ns(lntotas2, df = 3)2 -0.2679
0.5371 -0.499
0.618
## ns(lntotas2, df = 3)3 -0.1401
0.5109 -0.274
0.784
## ns(lntotas3, df = 3)1 -0.3066
0.4772 -0.642
0.521
## ns(lntotas3, df = 3)2
0.1380
0.5179
0.266
0.790
## ns(lntotas3, df = 3)3
0.1152
0.5148
0.224
0.823
## --## Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
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##
## Residual standard error: 1.502 on 462 degrees of freedom
##
(30 observations deleted due to missingness)
## Multiple R-squared: 0.01011,
Adjusted R-squared: -0.009169
## F-statistic: 0.5245 on 9 and 462 DF, p-value: 0.857
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Signficance tests
Is linear term sufficient? Test using anova
•

Test goodness of fit to choose best using chisq non-parametric test.

•

Non-significant value (p>.05) indicates don't need a GAM, or GAM didn't
provide more info.

For arsenic only - no significant test = no GAM needed.
#Linear mods, diphtheria & tetanus
lm.as.dip <- lm(lndiptheria_original ~ lntotas1 + lntotas2 + lntotas
3,data=df.all)
lm.as.tet <- lm(lntetanus_original ~ lntotas1 + lntotas2 + lntotas3,
data=df.all)
#diphtheria
#Test goodness of fit to choose best using chisq non-parametric test
.
anova(lm.as.dip,as.dip, test="Chisq")
## Analysis of Variance Table
##
## Model 1: lndiptheria_original ~ lntotas1 + lntotas2 + lntotas3
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##
2,
##
##
##
##

Model 2: lndiptheria_original ~ ns(lntotas1, df = 3) + ns(lntotas
df = 3) +
ns(lntotas3, df = 3)
Res.Df
RSS Df Sum of Sq Pr(>Chi)
1
468 907.07
2
462 894.10 6
12.97
0.3493

anova(lm.as.tet,as.tet, test="Chisq")
##
##
##
##
df
##
##
##
##

Analysis of Variance Table
Model 1: lntetanus_original ~ lntotas1 + lntotas2 + lntotas3
Model 2: lntetanus_original ~ ns(lntotas1, df = 3) + ns(lntotas2,
= 3) +
ns(lntotas3, df = 3)
Res.Df
RSS Df Sum of Sq Pr(>Chi)
1
468 1051.3
2
462 1041.9 6
9.4572
0.6505

#Non-significant, which indicates don't need a GAM .

Manganese GAMs
Diphtheria
##
## Call:
## lm(formula = lndiptheria_original ~ ns(lntotmn1, df = 3) +
otmn2,
##
df = 3) + ns(lntotmn3, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -4.4067 -0.9463 -0.0539 1.0047 4.5147
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-3.78449
1.25136 -3.024 0.00263
## ns(lntotmn1, df = 3)1 0.06676
0.32474
0.206 0.83721
## ns(lntotmn1, df = 3)2 1.33784
1.05559
1.267 0.20565
## ns(lntotmn1, df = 3)3 -0.01519
0.43588 -0.035 0.97222
## ns(lntotmn2, df = 3)1 0.28629
0.44454
0.644 0.51988
## ns(lntotmn2, df = 3)2 2.07796
1.63039
1.275 0.20312
## ns(lntotmn2, df = 3)3 0.76896
1.06284
0.723 0.46974
## ns(lntotmn3, df = 3)1 -0.74809
0.59793 -1.251 0.21152
## ns(lntotmn3, df = 3)2 -3.71149
2.07297 -1.790 0.07404
## ns(lntotmn3, df = 3)3 -0.24754
0.50673 -0.489 0.62542
## --## Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 '
##
## Residual standard error: 1.395 on 462 degrees of freedom
##
(30 observations deleted due to missingness)

ns(lnt

**

.

' 1
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## Multiple R-squared: 0.01797,
Adjusted R-squared: -0.00116
## F-statistic: 0.9394 on 9 and 462 DF, p-value: 0.4904
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Tetanus
##
## Call:
## lm(formula = lntetanus_original ~ ns(lntotmn1, df = 3) + ns(lntot
mn2,
##
df = 3) + ns(lntotmn3, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -3.960 -1.002 0.083 1.024 5.617
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-0.19563
1.33722 -0.146
0.8837
## ns(lntotmn1, df = 3)1 0.62202
0.34702
1.792
0.0737 .
## ns(lntotmn1, df = 3)2 -0.13390
1.12802 -0.119
0.9056
## ns(lntotmn1, df = 3)3 0.09214
0.46578
0.198
0.8433
## ns(lntotmn2, df = 3)1 -0.25315
0.47504 -0.533
0.5943
## ns(lntotmn2, df = 3)2 0.04212
1.74225
0.024
0.9807
## ns(lntotmn2, df = 3)3 -0.75606
1.13576 -0.666
0.5059
## ns(lntotmn3, df = 3)1 -1.18314
0.63896 -1.852
0.0647 .
## ns(lntotmn3, df = 3)2 -5.26092
2.21519 -2.375
0.0180 *
## ns(lntotmn3, df = 3)3 -0.74304
0.54150 -1.372
0.1707
## --## Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
##
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## Residual standard error: 1.491 on 462 degrees of freedom
##
(30 observations deleted due to missingness)
## Multiple R-squared: 0.02468,
Adjusted R-squared: 0.005679
## F-statistic: 1.299 on 9 and 462 DF, p-value: 0.2349
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Signficance tests
Manganese - no significant test = no GAM needed.
#Linear mods, diphtheria & tetanus
lm.mn.dip <- lm(lndiptheria_original ~ lntotmn1 + lntotmn2 + lntotmn
3,data=df.all)
lm.mn.tet <- lm(lntetanus_original ~ lntotmn1 + lntotmn2 + lntotmn3,
data=df.all)
#Test goodness of fit to choose best using chisq non-parametric test
.
anova(lm.mn.dip,mn.dip, test="Chisq")
##
##
##
##
2,
##
##
##
##

Analysis of Variance Table
Model 1: lndiptheria_original ~ lntotmn1 + lntotmn2 + lntotmn3
Model 2: lndiptheria_original ~ ns(lntotmn1, df = 3) + ns(lntotmn
df = 3) +
ns(lntotmn3, df = 3)
Res.Df
RSS Df Sum of Sq Pr(>Chi)
1
468 913.11
2
462 898.95 6
14.155
0.2962

anova(lm.mn.tet,mn.tet, test="Chisq")

136
##
##
##
##
df
##
##
##
##

Analysis of Variance Table
Model 1: lntetanus_original ~ lntotmn1 + lntotmn2 + lntotmn3
Model 2: lntetanus_original ~ ns(lntotmn1, df = 3) + ns(lntotmn2,
= 3) +
ns(lntotmn3, df = 3)
Res.Df
RSS Df Sum of Sq Pr(>Chi)
1
468 1046.7
2
462 1026.5 6
20.177
0.1691

#Non-significant, which indicates don't need a GAM.

Lead GAMs
PB - Notes
Reminder: Including 20-40 months makes model much smaller.

Diphtheria
##
## Call:
## lm(formula = lndiptheria_original ~ ns(lncb_pb, df = 3) + ns(lnbl
l_2040,
##
df = 3) + ns(lnbll_5, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -3.4154 -1.0552 -0.0344 1.0066 4.2704
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-3.9548
0.4967 -7.961 3.17e-14 ***
## ns(lncb_pb, df = 3)1
0.7879
0.5022
1.569
0.118
## ns(lncb_pb, df = 3)2
-0.6136
1.4704 -0.417
0.677
## ns(lncb_pb, df = 3)3
-0.5153
1.4092 -0.366
0.715
## ns(lnbll_2040, df = 3)1 -0.1110
0.4675 -0.238
0.812
## ns(lnbll_2040, df = 3)2
0.7131
0.6918
1.031
0.303
## ns(lnbll_2040, df = 3)3
1.1700
0.8014
1.460
0.145
## ns(lnbll_5, df = 3)1
0.3563
0.5222
0.682
0.496
## ns(lnbll_5, df = 3)2
-0.8849
0.6087 -1.454
0.147
## ns(lnbll_5, df = 3)3
-1.1907
0.7361 -1.617
0.107
## --## Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
##
## Residual standard error: 1.373 on 313 degrees of freedom
##
(179 observations deleted due to missingness)
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## Multiple R-squared: 0.03261,
Adjusted R-squared:
## F-statistic: 1.172 on 9 and 313 DF, p-value: 0.3122

0.00479
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###Tetanus
##
## Call:
## lm(formula = lntetanus_original ~ ns(lncb_pb, df = 3) + ns(lnbll_
2040,
##
df = 3) + ns(lnbll_5, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -3.9241 -1.0742 -0.0562 0.9947 4.3610
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-2.1565
0.5316 -4.057 6.29e-05 ***
## ns(lncb_pb, df = 3)1
0.8668
0.5374
1.613
0.108
## ns(lncb_pb, df = 3)2
-1.6883
1.5736 -1.073
0.284
## ns(lncb_pb, df = 3)3
-1.0512
1.5081 -0.697
0.486
## ns(lnbll_2040, df = 3)1
0.2707
0.5003
0.541
0.589
## ns(lnbll_2040, df = 3)2 -0.1415
0.7403 -0.191
0.849
## ns(lnbll_2040, df = 3)3 -0.5771
0.8577 -0.673
0.502
## ns(lnbll_5, df = 3)1
0.1660
0.5588
0.297
0.767
## ns(lnbll_5, df = 3)2
0.3068
0.6514
0.471
0.638
## ns(lnbll_5, df = 3)3
-0.1594
0.7878 -0.202
0.840
## --## Signif. codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1
##
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## Residual standard error: 1.47 on 313 degrees of freedom
##
(179 observations deleted due to missingness)
## Multiple R-squared: 0.0417, Adjusted R-squared: 0.01415
## F-statistic: 1.513 on 9 and 313 DF, p-value: 0.142
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###Signficance tests
Lead - no significant test = no GAM needed.
#Linear mods, diphtheria & tetanus
lm.pb.dip <- lm(lndiptheria_original ~ lncb_pb + lnbll_2040 + lnbll_
5,data=df.all)
lm.pb.tet <- lm(lntetanus_original ~ lncb_pb + lnbll_2040 + lnbll_5,
data=df.all)
#Test goodness of fit to choose best using chisq non-parametric test
.
anova(lm.pb.dip,pb.dip, test="Chisq")
## Analysis of Variance Table
##
## Model 1: lndiptheria_original ~ lncb_pb + lnbll_2040 + lnbll_5
## Model 2: lndiptheria_original ~ ns(lncb_pb, df = 3) + ns(lnbll_20
40, df = 3) +
##
ns(lnbll_5, df = 3)
##
Res.Df
RSS Df Sum of Sq Pr(>Chi)
## 1
319 598.94
## 2
313 590.44 6
8.4981
0.6087
anova(lm.pb.tet,pb.tet, test="Chisq")
## Analysis of Variance Table
##
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## Model 1: lntetanus_original ~ lncb_pb + lnbll_2040 + lnbll_5
## Model 2: lntetanus_original ~ ns(lncb_pb, df = 3) + ns(lnbll_2040
, df = 3) +
##
ns(lnbll_5, df = 3)
##
Res.Df
RSS Df Sum of Sq Pr(>Chi)
## 1
319 687.91
## 2
313 676.22 6
11.694
0.4921
#Non-significant, which indicates don't need a GAM.

Combined Metal GAMs
Diphtheria
##
## Call:
## lm(formula = lndiptheria_original ~ ns(lntotas1, df = 3) + ns(lnt
otas2,
##
df = 3) + ns(lntotas3, df = 3) + ns(lntotmn1, df = 3) + ns(ln
totmn2,
##
df = 3) + ns(lntotmn3, df = 3) + ns(lncb_pb, df = 3) + ns(lnb
ll_2040,
##
df = 3) + ns(lnbll_5, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -3.2632 -0.8422 -0.1627 0.9663 3.8692
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-4.89819
1.48827 -3.291 0.00112 **
## ns(lntotas1, df = 3)1
-1.09616
0.48160 -2.276 0.02356 *
## ns(lntotas1, df = 3)2
1.33730
0.91662
1.459 0.14565
## ns(lntotas1, df = 3)3
0.18764
0.65062
0.288 0.77324
## ns(lntotas2, df = 3)1
0.64842
0.42555
1.524 0.12865
## ns(lntotas2, df = 3)2
-0.35742
0.66763 -0.535 0.59281
## ns(lntotas2, df = 3)3
-0.11131
0.57626 -0.193 0.84696
## ns(lntotas3, df = 3)1
-0.36803
0.54270 -0.678 0.49821
## ns(lntotas3, df = 3)2
1.34870
0.57356
2.351 0.01936 *
## ns(lntotas3, df = 3)3
0.46741
0.56495
0.827 0.40871
## ns(lntotmn1, df = 3)1
-0.12051
0.36719 -0.328 0.74300
## ns(lntotmn1, df = 3)2
0.66396
1.21236
0.548 0.58434
## ns(lntotmn1, df = 3)3
-0.39161
0.58439 -0.670 0.50332
## ns(lntotmn2, df = 3)1
1.04711
0.53182
1.969 0.04990 *
## ns(lntotmn2, df = 3)2
1.46976
2.11452
0.695 0.48755
## ns(lntotmn2, df = 3)3
-1.50864
1.90365 -0.793 0.42871
## ns(lntotmn3, df = 3)1
-0.67674
0.63246 -1.070 0.28549
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##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

ns(lntotmn3, df = 3)2
ns(lntotmn3, df = 3)3
ns(lncb_pb, df = 3)1
ns(lncb_pb, df = 3)2
ns(lncb_pb, df = 3)3
ns(lnbll_2040, df = 3)1
ns(lnbll_2040, df = 3)2
ns(lnbll_2040, df = 3)3
ns(lnbll_5, df = 3)1
ns(lnbll_5, df = 3)2
ns(lnbll_5, df = 3)3
--Signif. codes: 0 '***'

-2.84741
-0.11928
0.67416
-1.08685
-0.82432
-0.06338
0.72893
1.08901
0.18306
-0.76272
-1.05539

2.13175
0.59163
0.53707
1.48977
1.43268
0.47922
0.71460
0.82550
0.53447
0.64356
0.78542

-1.336
-0.202
1.255
-0.730
-0.575
-0.132
1.020
1.319
0.343
-1.185
-1.344

0.18268
0.84037
0.21038
0.46625
0.56548
0.89488
0.30854
0.18813
0.73221
0.23691
0.18007

0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

Residual standard error: 1.357 on 294 degrees of freedom
(180 observations deleted due to missingness)
Multiple R-squared: 0.1108, Adjusted R-squared: 0.02909
F-statistic: 1.356 on 27 and 294 DF, p-value: 0.1164
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Tetanus
##
## Call:
## lm(formula = lntetanus_original ~ ns(lntotas1, df = 3) + ns(lntot
as2,
##
df = 3) + ns(lntotas3, df = 3) + ns(lntotmn1, df = 3) + ns(ln
totmn2,
##
df = 3) + ns(lntotmn3, df = 3) + ns(lncb_pb, df = 3) + ns(lnb
ll_2040,
##
df = 3) + ns(lnbll_5, df = 3), data = df.all)
##
## Residuals:
##
Min
1Q Median
3Q
Max
## -3.5384 -1.0549 0.0298 0.8943 4.0681
##
## Coefficients:
##
Estimate Std. Error t value Pr(>|t|)
## (Intercept)
-1.59234
1.60599 -0.991
0.3223
## ns(lntotas1, df = 3)1
-0.26356
0.51969 -0.507
0.6124
## ns(lntotas1, df = 3)2
1.62658
0.98912
1.644
0.1011
## ns(lntotas1, df = 3)3
0.95246
0.70208
1.357
0.1759
## ns(lntotas2, df = 3)1
0.37056
0.45921
0.807
0.4204
## ns(lntotas2, df = 3)2
-1.08421
0.72043 -1.505
0.1334
## ns(lntotas2, df = 3)3
-0.26070
0.62184 -0.419
0.6753
## ns(lntotas3, df = 3)1
-0.55860
0.58562 -0.954
0.3409
## ns(lntotas3, df = 3)2
0.46612
0.61892
0.753
0.4520
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##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##
##

ns(lntotas3, df = 3)3
ns(lntotmn1, df = 3)1
ns(lntotmn1, df = 3)2
ns(lntotmn1, df = 3)3
ns(lntotmn2, df = 3)1
ns(lntotmn2, df = 3)2
ns(lntotmn2, df = 3)3
ns(lntotmn3, df = 3)1
ns(lntotmn3, df = 3)2
ns(lntotmn3, df = 3)3
ns(lncb_pb, df = 3)1
ns(lncb_pb, df = 3)2
ns(lncb_pb, df = 3)3
ns(lnbll_2040, df = 3)1
ns(lnbll_2040, df = 3)2
ns(lnbll_2040, df = 3)3
ns(lnbll_5, df = 3)1
ns(lnbll_5, df = 3)2
ns(lnbll_5, df = 3)3
--Signif. codes: 0 '***'

0.46920
0.50444
-0.85888
-0.42284
-0.02294
1.73928
-1.07918
-0.90692
-3.96883
-0.72327
1.01590
-1.81297
-1.06437
0.39643
-0.07313
-0.57288
0.23157
0.49043
0.06246

0.60963
0.39624
1.30825
0.63061
0.57388
2.28177
2.05422
0.68249
2.30036
0.63842
0.57955
1.60761
1.54600
0.51713
0.77112
0.89079
0.57674
0.69447
0.84754

0.770
1.273
-0.657
-0.671
-0.040
0.762
-0.525
-1.329
-1.725
-1.133
1.753
-1.128
-0.688
0.767
-0.095
-0.643
0.402
0.706
0.074

0.4421
0.2040
0.5120
0.5031
0.9681
0.4465
0.5997
0.1849
0.0855 .
0.2582
0.0807 .
0.2603
0.4917
0.4439
0.9245
0.5207
0.6883
0.4806
0.9413

0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

Residual standard error: 1.464 on 294 degrees of freedom
(180 observations deleted due to missingness)
Multiple R-squared: 0.1063, Adjusted R-squared: 0.02425
F-statistic: 1.295 on 27 and 294 DF, p-value: 0.1539
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Signficance tests
No significant test = no GAM needed.
#Linear mods, diphtheria & tetanus
lm.all.dip <- lm(lndiptheria_original ~ lntotas1 +lntotas2 +lntotas3
+lntotmn1 +lntotmn2 +lntotmn3 +lncb_pb + lnbll_2040 + lnbll_5,data=d
f.all)
lm.all.tet <- lm(lntetanus_original ~ lntotas1 +lntotas2 +lntotas3 +
lntotmn1 +lntotmn2 +lntotmn3 +lncb_pb + lnbll_2040 + lnbll_5,data=df
.all)
#Test goodness of fit to choose best using chisq non-parametric test
.
anova(lm.all.dip,all.dip, test="Chisq")
## Analysis of Variance Table
##
## Model 1: lndiptheria_original ~ lntotas1 + lntotas2 + lntotas3 +
lntotmn1 +
##
lntotmn2 + lntotmn3 + lncb_pb + lnbll_2040 + lnbll_5
## Model 2: lndiptheria_original ~ ns(lntotas1, df = 3) + ns(lntotas
2, df = 3) +
##
ns(lntotas3, df = 3) + ns(lntotmn1, df = 3) + ns(lntotmn2,
##
df = 3) + ns(lntotmn3, df = 3) + ns(lncb_pb, df = 3) + ns(lnb
ll_2040,
##
df = 3) + ns(lnbll_5, df = 3)
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##
Res.Df
RSS Df Sum of Sq Pr(>Chi)
## 1
312 586.56
## 2
294 541.47 18
45.09
0.1399
anova(lm.all.tet,all.tet, test="Chisq")
## Analysis of Variance Table
##
## Model 1: lntetanus_original ~ lntotas1 + lntotas2 + lntotas3 + ln
totmn1 +
##
lntotmn2 + lntotmn3 + lncb_pb + lnbll_2040 + lnbll_5
## Model 2: lntetanus_original ~ ns(lntotas1, df = 3) + ns(lntotas2,
df = 3) +
##
ns(lntotas3, df = 3) + ns(lntotmn1, df = 3) + ns(lntotmn2,
##
df = 3) + ns(lntotmn3, df = 3) + ns(lncb_pb, df = 3) + ns(lnb
ll_2040,
##
df = 3) + ns(lnbll_5, df = 3)
##
Res.Df
RSS Df Sum of Sq Pr(>Chi)
## 1
312 679.91
## 2
294 630.52 18
49.389
0.1895
#Non-significant, which indicates don't need a GAM.

