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POPULAR SCIENCE SUMMARY OF THE THESIS

Cadmium, lead and arsenic are toxic metals which occur naturally in the Earth’s crust and are
further spread by human activities such as mining. Vegetable crops absorb them from the soil
and the water used to irrigate them, and people all over the world consume food and drinking
water containing these metals. Whilst there is extensive evidence on how long-term exposure
to these metals affects the health of adults, much less is known about their impact on children,
especially regarding cadmium. It is suggested that early-life exposure to metals is linked to
altered development in children which may play a role in their future health.

Therefore, the aim of this thesis was to clarify if exposure to cadmium, lead and arsenic early
in life may affect child growth and pubertal development.

This was studied in around 2000 mothers and their children living in a rural area in southern
Bangladesh. Pregnant women were asked to participate in the study, their background
characteristics were recorded, and their exposure to metals was determined via measurements
in urine and/or blood samples collected during pregnancy. After the children were born, they
were examined by trained personnel and biological samples were collected on several
occasions from birth until 15 years of age. The children’s metal exposure was assessed via
measurements in urine and blood at around 5 and 10 years, and, in a smaller group of these
children, several biomarkers of bone health were measured in samples collected at 9 years of
age. The children’s weight and height were recorded several times, as well as how their puberty
was developing.

We found that children with higher cadmium concentrations in urine and blood had lower
vitamin D, which is a hormone that is important for the absorption of calcium from the diet and
for growth and formation of bones. Children with higher cadmium exposure also had altered
levels of biomarkers reflecting bone turnover. In particular, it seemed that in boys with higher
cadmium exposure there was an imbalance between bone formation and bone degradation.

We also found that children with higher cadmium exposure were lighter and shorter around
10 years of age than children with lower exposure, and this difference was more evident in
boys than in girls. Also, boys exposed to higher lead concentrations were lighter and shorter
than those exposed to lower concentrations. Although many children were exposed to high
levels of arsenic, we did not find any link between arsenic exposure and growth at 10 years.

As cadmium and lead are known to affect the body’s hormone system, we studied if exposure
to these metals during the mothers’ pregnancy and during the daughters’ childhood was linked
to the girls’ start of puberty. We discovered that the girls with the highest urinary cadmium
concentrations got their first menstruation about 3 to 4 months later than the girls with the
lowest concentrations. The relationship between the girls’ urinary lead concentrations and their
timing of puberty was less clear, but there was a suggestion of earlier puberty start in girls at
the highest exposure levels at 10 years.



To conclude, this research provides important evidence that growth, bone health, and pubertal
development of children can be negatively affected by cadmium from food at exposure levels
relevant for millions of children around the world. As the recommended maximum exposure

levels of cadmium are based on health effects in adults, these results emphasize the need to also
focus on children’s health in science and policy.



POPULARVETENSKAPLIG SAMMANFATTNING

Kadmium, bly och arsenik &r giftiga metaller som férekommer naturligt i jordskorpan och som
dessutom sprids genom manskliga aktiviteter, som exempelvis gruvdrift. Grédor absorberar
metallerna fran jorden och fran vattnet som anvands for bevattning och manniskor 6ver hela
varlden konsumerar mat och dricksvatten som innehaller dessa metaller. Medan det finns
tydliga evidens for hur langtidsexponering paverkar vuxna manniskors hélsa sa finns det
avsevart mycket mindre kunskap om hur dessa metaller paverkar barn, framforallt nar det galler
kadmium. Man misstanker att exponering for dessa metaller tidigt i livet ar kopplat till effekter
hos barn som kan spela roll for deras framtida halsa.

Darfor ar syftet med denna avhandling att klargora huruvida exponering for framfor allt
kadmium, men dven bly och arsenik, kan paverka barns tillvaxt och pubertala utveckling.

Detta studerades i narmare 2000 maodrar och deras barn som lever pa landsbygden i sodra
Bangladesh. Gravida kvinnor ombads delta i studien, deras bakgrund dokumenterades och
deras exponering for dessa tre metaller méttes i urin- och/eller blodprover som togs under
graviditetstiden. Efter att barnen fotts undersoktes de flertalet ganger av utbildad personal och
biologiska prover samlades in fran fodsel till att de nddde ungefar 15 ars alder. Barnens
exponering for metaller bedomdes via matningar i urin och blod vid ungefar fem och tio ars
alder och i en mindre grupp av dessa barn mattes dven biomarkorer for benhalsa vid nio ars
alder. Barnens vikt och langd mattes vid flera tillfallen, och deras pubertala utveckling
dokumenterades.

Vi fann att barn som hade hégre koncentrationer av kadmium i urin och blod hade lagre nivaer
av D-vitamin, vilket ar ett hormon som hjalper kroppen att absorbera kalcium fran fodan och
som &r viktigt for skelettets tillvéxt och uppbyggnad. Barn med hogre kadmiumexponering
hade aven forandrade nivaer av biomarkorer som reflekterade skelettets nedbrytning och
uppbyggnad. Mer specifikt verkade det som att bland pojkar med hdgre kadmiumexponering
saknades en balans mellan skelettets nedbrytning och uppbyggnad.

Vi fann dven att barn som hade exponerats for hogre nivaer av kadmium bade vagde mindre
och var kortare vid tio ars alder i jamforelse med barn som hade exponerats for lagre nivaer,
och denna skillnad var mer uttalad bland pojkar &n bland flickor. Liknande samband kunde
aven pavisas bland pojkar med hogre blyexponering, da dven dessa vagde mindre och var
kortare i jamforelse med pojkar som hade lagre exponering. Trots att manga av barnen hade
exponerats for hoga halter av arsenik sd fann vi inte nagon koppling mellan deras
arsenikexponering och tillvaxt vid tio ars alder.

Da bade kadmium och bly paverkar kroppens hormonsystem sa studerade vi om exponering
for dessa metaller under médrars graviditet och under doéttrarnas barndom kunde kopplas till
pubertetens start hos dessa flickor. Vi upptéckte att flickorna med de hégsta urinhalterna av
kadmium fick sin forsta menstruation mellan tre och fyra manader senare &n flickorna med de



lagsta urinhalterna av kadmium. Det fanns dven en indikation pa att okade urinhalter av bly vid
tio ars alder var kopplade till en tidigare start av pubertet.

Sammanfattningsvis sa har denna forskning medfort att man funnit tecken pa att kadmium kan
paverka barns tillvaxt, skelettets halsa och pubertal utveckling vid exponeringsnivaer som &r
relevanta for miljontals barn globalt. De rekommenderade hogstanivaerna for kadmium &r
baserade pa halsoeffekter hos vuxna, och dessa resultat understryker behovet av att dven
fokusera pa barns hélsa inom forskning och vid etablering av hélsoriskbedémningar.



ABSTRACT

Cadmium, lead and arsenic are toxic metals, the exposure to which occurs primarily through
food and drinking water. While many studies are available about their health effects in adults,
studies in children and adolescents are more limited, especially for cadmium.

The overall aim of this thesis was to assess if early-life metal exposure, especially cadmium,
but also lead and arsenic, may affect children’s growth and pubertal development at school-
age.

This research was conducted in a large mother-child cohort in a rural area called Matlab, in
southern Bangladesh. The cohort was nested in a randomized food and micronutrient
supplementation trial called MINIMat (Maternal and Infant Intervention, Matlab), which was
established in 2001-2003. Women were recruited during early pregnancy and their children
were followed up repeatedly from birth up to the age of 15 years. Urine and/or blood samples
were collected from the mothers during pregnancy and from the children at several time points
to assess their exposure to metals and to measure various health-related biomarkers. The
children’s weight and height were measured during infancy, childhood and adolescence, and
pubertal development in late childhood and adolescence.

In Paper I, we investigated if early-life cadmium exposure was associated with changes in
bone-related biomarkers at 9 years of age (n=504), as cadmium has been linked to bone toxicity
in adults. Using adjusted linear regression analyses, we found that both children’s urinary
cadmium (reflecting life-long exposure) and erythrocyte cadmium (reflecting the last few
months) were associated with decreased levels of vitamin D3, a hormone involved in calcium
homeostasis and with importance for bone mineralization. We also observed that childhood
cadmium exposure was associated with changes in biomarkers of bone remodeling. Urinary
cadmium was associated with an increase of both osteocalcin (biomarker of bone formation)
and urinary deoxypyridinoline (DPD, biomarker of bone resorption). Interestingly, when
stratifying the models by gender, we found that urinary cadmium was associated with an
increase of osteocalcin in girls, but with a decrease of osteocalcin in boys, suggesting a
dysregulation of the feedback mechanisms in bone remodeling in boys.

We also observed a tendency of an inverse association between urinary cadmium and weight-
for-age Z-score (WAZ) at 9 years, but the confidence intervals were wide. Therefore, in order
to ascertain this association, we investigated this in a larger subset of children in the MINIMat
cohort in Paper Il (n=1530). We also explored associations with the children’s lead and arsenic
exposure. In this larger sample, we found that concurrent urinary cadmium was inversely
associated with WAZ and possibly also with height-for-age Z-score (HAZ) at 10 years, and
that the associations were stronger in boys. We also found that short-term lead exposure,
measured in urine, was associated with decreased WAZ and HAZ in boys, while neither
maternal nor childhood arsenic exposure was associated with any measure of size, despite a
very large variation in the arsenic exposure. In longitudinal analyses from birth to 10 years, we



found that maternal erythrocyte cadmium in early pregnancy was associated with decreased
WAZ in boys.

As cadmium and lead are reported endocrine disruptors, we investigated if the exposure to
these two metals was associated with changes of timing of menarche in girls in Paper 111
(n=935). Using survival analysis, we observed that an increased exposure to cadmium during
childhood was associated with a delay in menarche. The potential impact of lead was less clear.

To conclude, this research provides important evidence that early-life exposure to dietary
cadmium can adversely affect child growth and pubertal development at exposure levels
relevant for millions of children around the world. This emphasizes the need for further
research in children and adolescents and that research on children should be considered in
updates of the international health risk assessment of cadmium.
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1 PREFACE

The Developmental Origin of Health and Disease (DOHaD) hypothesis proposes that
unfavorable environmental conditions early in life play a role in the development of chronic
disease in adulthood. This was originally suggested about the role of fetal malnutrition on
cardiovascular disease at middle-age (Barker 1997), but it is an approach that can be applied to
many different types of exposures and conditions, including the exposure to environmental
contaminants.

The present thesis focuses on the toxic metal cadmium, which is ubiquitously present in the
environment and contaminates food. Young children are particularly exposed, in part because
they consume more food relatively to their body weight than adults. Nevertheless, until the last
two decades, previous research had focused on the health effects of this metal in occupationally
exposed workers and in elderly individuals after a lifetime of exposure, in whom it causes
adverse health effects on especially kidney and bone.

Recently, it is becoming clear that cadmium exposure early in life may affect young children’s
growth and development. However, less is known about possible health effects later in
childhood, and if they may be influential for children’s future health decades later.

This thesis aims at contributing to fill the knowledge gap about the role of early-life exposure
to cadmium in growth and development of children at peripubertal age. The toxicants lead and
arsenic were also studied, as exposure to them through staple foods is common and, together
with cadmium, they are considered by the World Health Organization (WHO) to be among the
top ten chemicals of major public health concern (WHO).






2 BACKGROUND
2.1 CADMIUM

2.1.1 Exposureto cadmium

Cadmium (Cd) is a toxic metal ubiquitously found in the Earth’s crust. It is released into the
environment through both natural and anthropogenic activities. The environmental dispersion
by natural activities may include volcanic activity, weathering of rocks, sea spray, and
mobilization of previously deposited cadmium. Anthropogenic sources include industrial
emissions (i.e. mining and smelting), pollution by use of cadmium-containing fertilizers,
combustion of fossil fuels, waste incineration and releases from tailings and landfills. The
dispersion of cadmium into the environment and widespread contamination of soil, especially
on arable land, in many areas of the world is of concern, as cadmium is easily taken up by
vegetable crops, such as rice, wheat, vegetables and potatoes, as well as the tobacco plant. In
fact, it has been emphasized that the exposure via food in many areas is high enough to be of
importance to human health (EFSA 2009).

Occupational cadmium exposures have generally decreased since the 1970’s. Occupations in
which exposure may occur include manufacturing and refining of cadmium and cadmium-
containing products, like nickel-cadmium batteries and pigment, and also production of alloys,
mechanical plating and zinc smelting. In the general population, food is the main source of
cadmium exposure world-wide. It has been estimated that more than 80% of the dietary
cadmium comes from vegetables crops (Amzal et al. 2009), especially cereals, root vegetables,
potatoes and vegetables (Olsson et al. 2002). High concentrations can be found in shellfish and
offal meat (EFSA 2009), but, as these food items are more rarely consumed than plant-based
foods, they contribute less to the daily intake.

Drinking water is normally not a source of cadmium (Olsson et al. 2002). The daily cadmium
intake in Sweden, where a varied diet is usually consumed, has been estimated to be around
15 pg, while populations relying on rice as the main staple food, for example in many parts of
Asia, have a higher intake (Song et al. 2017). As the tobacco plant effectively absorbs cadmium
from the soil, and 50% of inhaled cadmium is absorbed in the lung, smokers are additionally
exposed (ATSDR 2012). A lifetime of regular tobacco smoking is estimated to contribute with
as much cadmium as the diet (Barregard et al. 2010). Even second-hand smoke has been
suggested to increase blood cadmium concentrations in women (Jung et al. 2015), while blood
cadmium concentrations in 7-10-year old-children of smoking or non-smoking parents did not
differ (Willers et al. 1992). Concentrations in ambient air are generally low (Vahter et al. 1992).

2.1.2 Toxicokinetics and biomarkers of exposure

Around 5% of the cadmium present in the diet is absorbed in the gastrointestinal tract in adults.
However, the absorption may vary depending on the composition of the food and on the
individual’s nutritional status (Berglund et al. 1994). The gastrointestinal uptake of cadmium
is mediated mainly through the same transporters involved in the absorption of iron, zinc and



calcium, such as the divalent metal transporter 1 (DMT1), the Zrt- and Irt-related protein (ZIP)
of zinc transporter family (ZIP14), and the Ca?*-selective channel Transient Receptor Potential
Vanilloid subfamily member 6 (TRPV®6) (Satarug 2018). This is supported by epidemiological
studies, in which especially iron deficiency has resulted in increased cadmium concentrations
in both blood and urine (Akesson et al. 2002; Berglund et al. 1994).

In addition, pregnant women, who have an increased need for iron, have been found to have
higher cadmium concentrations in blood shortly after pregnancy than in early pregnancy
(Kippler et al. 2009), and it was observed that urinary cadmium concentrations increased with
the number of completed pregnancies (Akesson et al. 2002). Children may also have an unmet
need for iron, and a study on 1 year old infants found that their gastrointestinal absorption of
cadmium was approximately 18%, with large variations among the children, ranging from 4%
to 37% (Crews et al. 2000). This is possibly due to that iron uptake is not regulated in small
children as in adults (Lonnerdal 2017). In studies of suckling piglets, it was found that the
expression of the iron transporters was not higher in iron-deficient piglets than in piglets with
adequate iron stores (Ohrvik et al. 2007).

Once cadmium is absorbed by the enterocytes and it reaches the liver, it upregulates and binds
to the low molecular protein metallothionein (MT) (Klaassen et al. 1999). Cadmium in the
systemic circulation is concentrated almost exclusively in erythrocytes (Carlson and Friberg
1957). The small amounts in plasma are mainly transported bound to albumin or to MT or
glutathione. As the majority of the circulating cadmium is bound to erythrocytes (life span
around 3 months), the erythrocyte fraction or whole blood is considered to be a good biomarker
of recent exposure.

Because of the small size of MT (6-7 kDa), the Cd-MT complex in plasma is filtered through
the kidney’s glomeruli, and subsequently reabsorbed by the renal proximal tubuli, resulting in
accumulation in the cortex of the kidney, where it has a half —life of decades (Akerstrom et al.
2013). The cadmium concentration in urine is correlated to the concentration in the kidneys
(Akerstrom et al. 2013). Therefore, urinary cadmium is considered to be a biomarker of chronic
exposure. While some studies have used cadmium in hair as a biomarker of exposure, others
have shown that it does not appear to reflect the internal dose (Skroder et al. 2017).

2.1.3 Current risk assessment and health effects in adults

As cadmium accumulates in the body over the lifetime, previous research has almost
exclusively focused on health effects occurring later in life.

As mentioned above, cadmium accumulates in the proximal tubular cells of the kidneys where
it causes tubular damage, resulting in renal dysfunction. The early sign of tubular damage is
proteinuria, which is the presence of low-molecular weight proteins in urine due to the inability
of the renal tubuli to reabsorb them after the primary filtration. Biomarkers of proteinuria
include for example 2-microglobulin, the enzyme N-acetyl-B-glucosaminidase (NAG), and
al-microglobulin, among others (Satarug 2018). Tubular damage is the critical effect at the
basis of the current health risk assessment of cadmium, which estimated the tolerable weekly



intake (TWI1) of cadmium to be 2.5 pg/kg body weight (b.w.) (EFSA 2009). Vegetarians have
an average intake of as much as 5.4 ng Cd/kg b.w. in Europe. Children’s cadmium exposure is
estimated to be 60% higher than that of adults, primarily because they consume more food
relatively to their body weight (EFSA 2009). In the evaluation by the European Food Safety
Authority (EFSA) it was estimated that the Swedish general population has an average intake
of

2.3 ug Cd/kg b.w., which is very close to the TWI (EFSA 2009). In a Chinese study, the mean
dietary cadmium intake of adults was estimated to be around 3.3 pg/kg b.w. per week, with
high consumers being exposed to as much as 8.0 pg/kg b.w. per week due to the extensive
intake of rice (Song et al. 2017). The mean total intake of cadmium from the diet was estimated
to be 4.0 pg/kg b.w. per week in Bangladesh (assuming a body weight of 60 kg) (Al-Rmalli et
al. 2012).

Dietary cadmium exposure has also been associated with increased risk of cardiovascular
disease (Barregard et al. 2016; Fagerberg and Barregard 2021). In addition, cadmium is
classified as a human carcinogen (group 1) by the International Agency for Research on Cancer
(IARC), based on lung cancer in occupational studies (Faroon et al. 2012). Recently, there have
been reports suggesting that cadmium may increase the risk of hormone-related cancers, such
as endometrial and breast cancer (Akesson et al. 2008; Larsson et al. 2015), possibly related to
that cadmium seems to be able to act as an endocrine disruptor (Johnson et al. 2003).

Cadmium has also been shown to affect bone health in elderly individuals, most dramatically
in the case of Itai-Itai disease which occurred in certain endemic areas in Japan in the 1950’s.
This disease, mostly reported in elderly women and defined by osteomalacia, fractures as well
as renal dysfunction, was caused by high cadmium exposure due to intake of rice from fields
irrigated with cadmium polluted wastewater from nearby industries (Nordberg 2009). More
recently, also low-to-moderate cadmium exposure has been associated with increased risk of
osteoporosis and fractures (Akesson et al. 2014; Alfvén et al. 2000; Nawrot et al. 2010).
However, the critical exposure level is still not defined.

2.1.4 Early-life cadmium exposure and child growth

During pregnancy, cadmium accumulates in the placenta (Esteban-Vasallo et al. 2012; Kippler
et al. 2010a), and only a small portion reaches the fetus directly. Because of this, the possible
toxicity of cadmium to unborn children was until the beginning of the 21% century largely
unexplored. Since then, there has been emerging evidence that gestational cadmium exposure
can nonetheless affect the fetus, especially fetal growth (Flannery et al. 2022). Among the first
large scale epidemiological studies, a study of pregnant Bangladeshi women (median urinary
cadmium concentration 0.63 pg/L, range 0.19-2.1 pug/L), found that maternal urinary cadmium
concentrations over 1.5 pg/L were associated with decreased fetal growth, assessed through
ultrasound (Kippler et al. 2012c). In a follow-up study in the same cohort, maternal urinary
cadmium concentrations in early pregnancy were inversely associated with infant weight and
head circumference at birth (Kippler et al. 2012a). Also, in both studies, there was an evident
sex difference with more prominent associations in female fetuses and female newborns than



in males. In infant girls, an increase of 1 pg/L of cadmium in maternal urine resulted in a
decrease of 45 g in birth weight (Kippler et al. 2012a). Interestingly, the observation of female
susceptibility to gestational cadmium exposure has been repeated in several other populations
since this initial finding (Table 1).

Table 1. Summary of studies exploring the association between maternal cadmium exposure during

pregnancy and size at birth differed by infant sex.

IStUdY Exposure Outcome Reference

ocation

South 641  Maternal blood, Decreased birth weightin ~ ROllin et al. 2015

Africa mean 0.25 ug/L female newborns

USA 396  Maternal urine GW15, Decreased birth lengthin ~ Romano et al. 2016
mean 0.31 pg/g creatinine female newborns

UK 4191 Maternal blood GW11, Decreased birth weight, Taylor et al. 2016
mean 0.56 pg/L, head circumference and
median 0.29 pg/L, crown-heel length in
range 0.14-6.3 female newborns

China 282  Maternal urine GW13 (mean Decreased birth weightin ~ Cheng et al. 2017
0.51 pg/g creatinine), GW24 females (association with
(0.59 pg/g creatinine) and 1% trimester exposure)
GW35 (0.61 pg/g creatinine)

UK 275  Maternal blood at GW12, Decreased birth weight in ~ Luo et al. 2017
median 0.023 pg/L male newborns

China 237  Maternal urine at delivery, Decreased birth weight, Y Zhang et al. 2018

mean 1.48 g/g creatinine

length and

head circumference in
female newborns

Abbreviation: GW, gestational week.

Of note, the inverse association between cadmium exposure and child growth was not only
found to be evident at birth, but to persist into childhood. The Bangladeshi children studied by
Kippler and colleagues (Kippler et al. 2012a; Kippler et al. 2012c) were followed up at 5 years
of age and it was found that the children’s concurrent cadmium exposure was inversely
associated with weight and height, and once again more markedly in girls (Gardner et al. 2013).
On the other hand, the effect from the prenatal exposure was no longer present at 5 years,
suggesting that different mechanisms of cadmium toxicity are involved during different stages
of growth. Other longitudinal studies have observed an association between maternal urinary
cadmium concentrations during pregnancy or cadmium concentrations in cord blood and
decreased growth during childhood (Chatzi et al. 2018; Delvaux et al. 2014; Lin et al. 2011).

Studies investigating the association of early-life cadmium exposure and growth at school-age
are scarce.

2.2 LEAD

2.2.1 Exposureto lead

The metal lead (Pb) has been used for millennia for a large variety of applications due to its
ductility, low melting point, and resistance to oxidation. Among others, common uses have
been in battery manufacturing, paint, water pipes, ammunition, and as an additive in petrol.



The anthropogenic activities that have mostly contributed to the spread of lead in the
environment have been mining, smelting, and especially the combustion of leaded petrol, the
latter which is now banned almost worldwide.

Environmental exposure to lead occurs largely through food and drinking water. Crops absorb
lead from the soil, and cereal products and vegetables have been shown to be a major dietary
contributor (EFSA 2013). Game meat can be contaminated through the use of lead ammunition,
and it can therefore be an important exposure source in the individuals who consume it
regularly. Drinking water can be contaminated from water pipes and faucets containing lead,
particularly if the water is acidic or soft (EFSA 2013). Inhalation of indoor dust can also be an
exposure source depending on the type of housing materials and wall paint, as is ingestion of
dust and soil in young children due to their frequent hand-to-mouth behavior. Children can also
ingest lead by chewing on toys (EFSA 2013), in which the use of lead has been banned in
Europe and the U.S. but is still ongoing in other parts of the world.

Mean lead dietary exposure in European adults was estimated to be in the range of 0.36 to 1.24
ug/kg b.w. per day (EFSA 2013).

2.2.2 Toxicokinetics, biomarkers of exposure and health effects

Approximately 5-10% of ingested lead is absorbed in the gastrointestinal tract of adults.
Absorption in children has been reported to be higher than in adults, and deficient iron status
in children is associated with an increased lead uptake (EFSA 2013). Lower dietary calcium
intake also seems to increase gastrointestinal lead uptake, both in adults and in children (EFSA
2013).

In blood, 96% to 99% of the lead is found in erythrocytes (EFSA 2013). As for cadmium, the
half-time of lead in blood is determined by the life cycle of erythrocytes, and therefore blood
or erythrocyte lead concentrations reflect recent exposure of the past few months. Lead
accumulates in bone tissue, which contains around 90% of the body burden. It accumulates
both in cortical bone, where it is inert and has a half-life of several decades, and trabecular bone
(EFSA 2013). Therefore, lead concentrations in bone are considered to be a biomarker of long-
term exposure. Lead in trabecular bone can be dislodged during periods of intense bone
remodeling, such as during pregnancy (Gulson et al. 2016), or bone breakdown as in
osteoporosis (Gulson et al. 2002). It is not known if lead is released from the bone during
periods of rapid growth in children. Excretion of lead occurs primarily in urine and in feces.
Urinary lead is a short-term exposure biomarker, with day-to-day variability (EFSA 2013).

In adults, the risk assessment is based on chronic kidney disease and effects on systolic blood
pressure (EFSA 2013). Lead passes both through the placenta and the blood-brain barrier. The
critical health effect at the basis of the current risk assessment of lead exposure in children is
developmental neurotoxicity, for which the benchmark dose lower confidence limit (BMDLoz)
was estimated to be 12 pg/L in whole blood, corresponding to 0.50 ug/kg b.w. per day from
food (EFSA 2013). Early-life lead exposure has also been associated with stunting and delayed



puberty in children (Gleason et al. 2016; Raihan et al. 2018; Nkomo et al. 2018; Wu et al.
2003).

2.3 ARSENIC

2.3.1 Exposure to arsenic

Arsenic (As) is a metalloid found in the environment in inorganic and organic form. The
inorganic forms are arsenite (As'"") and arsenate (As"), which are found in bedrock and from
there they can leach into ground water. Rice also contains inorganic arsenic. Organic arsenic
forms, such as arsenobetaine and arsenosugars, are less toxic and are found in seafood. Other
organic forms found in food, including rice, are the metabolites of the biotransformation of
inorganic arsenic, monomethylarsonic acid (MMA) and especially dimethylarsinic acid
(DMA) (EFSA 2010; WHO 2017).

Humans are primarily exposed to inorganic arsenic through drinking water. More than 140
million people around the world are reported to be exposed to drinking water with arsenic
concentrations that exceed the WHO guideline value of 10 pg/L (Ravenscroft 2009). Countries
with a known problem of high arsenic concentrations in the drinking water are Bangladesh,
India, Taiwan, as well as parts of the U.S., South America and China. Populations with a rice-
based diet are also prone to elevated arsenic exposure; a study reported a median arsenic
concentration of 142 pg/kg dry weight in rice from Bangladesh (Gardner et al. 2011a).

2.3.2 Toxicokinetics, biomarkers of exposure and health effects

Once ingested, 80-90% of inorganic arsenic is absorbed by the gastrointestinal tract. It is
transported to the liver, where it is metabolized into MMA and then further into DMA largely
by the enzyme arsenite methyltransferase (AS3MT).

In the blood, arsenic is distributed between erythrocytes and plasma; the proportion between
the compartments varies depending on dose and valency of arsenic. In a study of 9-year-old
children in Bangladesh, the median concentration in plasma was 27% of the median
concentration in erythrocytes (Skroder et al. 2018). As with cadmium and lead, the arsenic
concentration in erythrocytes is a biomarker of recent exposure. Arsenic is predominantly
excreted in urine, where it has a half-life of around a few days and consists of both inorganic
forms and the organic metabolites MMA and DMA (Vahter 2002). Nails and hair can also be
useful biomarkers reflecting the internal dose of arsenic because it binds to sulphur-rich
proteins in these matrices (Skroder et al. 2017).

Arsenic is classified as a human carcinogen (group 1) by IARC. Exposure to inorganic arsenic
is associated with lung, bladder, and skin cancer (IARC 2012). The current provisional
tolerable weekly intake (PTWI) of 15 ug/kg b.w. by the Joint FAO/WHO Expert Committee
on Food Additives (JECFA) is deemed by EFSA to not be low enough to protect from cancer
in these organs, as well as skin lesions, which can be early signs of chronic arsenic toxicity.
EFSA identified a range of BMDLo1 values between 0.3 and 8 pg/kg b.w. per day (EFSA 2010).



The estimated upper and lower bounds for the mean exposure to total arsenic in food in
European adults are 0.94 and 1.2 pg/kg b.w. per day (EFSA 2010), and thus there is little or no
margin of exposure. In 1993, the WHO established a guideline value of 10 pg/L for arsenic in
drinking water (WHO 2017). It has been estimated that the WHO guideline entails a risk of
1-3 cancer cases per 1,000 individuals consuming 1 liter per day of water with 10 pug As/L,
which is a higher risk than what is usually accepted (1 case in 100,000 individuals) (National
Research Council Subcommittee to Update the Arsenic in Drinking Water 2001). Other
epidemiological studies have also found associations of exposure to inorganic arsenic with
cardiovascular and respiratory diseases and diabetes (Nardone et al. 2017; Navas-Acien et al.
2005; Navas-Acien et al. 2006).

Inorganic arsenic passes through the placenta, exposing the growing fetus (Concha et al. 1998).
Maternal exposure to arsenic during pregnancy has been found to be associated with mortality
and morbidity outcomes in the offspring (Quansah et al. 2015; Rahman et al. 2017), including
impaired immune function (Ahmed et al. 2014), and increased risk of respiratory tract
infections and diarrhea (Rahman et al. 2017).

The relationship between arsenic exposure early in life, both measured in mothers during
pregnancy and during the first years of life of the offspring, and child growth and morbidity
was recently reviewed (Rahman et al. 2017). Many studies originated from Bangladesh, where
arsenic exposure was associated with smaller size at birth (Rahman et al. 2009), at 2 years
(Saha et al. 2012), and at 5 years old (Gardner et al. 2013). However, findings of other studies
investigating early-life arsenic exposure and infant and child growth were heterogeneous
(Rahman et al. 2017). Longitudinal studies investigating the association between arsenic
exposure and growth later in childhood are lacking.

2.4 GROWTH AND DEVELOPMENT OF CHILDREN

All the metals introduced above have been shown to be associated with impaired fetal growth,
and cadmium and lead have been reported to act as endocrine disruptors.

Here is a short overview of child growth, bone health and puberty onset, which are processes
that are hypothesized to be affected by these metals.

2.4.1 Growth

Linear growth is important for the attainment of adult height. Disruption of linear growth is
also associated with future negative health outcomes (Victora et al. 2008). Impaired cognitive
development, cardiovascular disease, metabolic syndrome, and unfavorable maternal
reproductive outcomes have been reported to be associated with stunting or catch-up growth
(De Sanctis et al. 2021; Victora et al. 2008).

The fastest growth period happens in utero, between gestational weeks (GW) 20 and 24, when
the fetus grows 2.5 cm per week. The rate of growth is still high during the first year of life,
increasing by on average 25 cm in a year, and slows down from approximately 18 months.



Growth in infants is largely influenced by nutritional status, while hormonal regulators are
more important than nutrition after 2 years of age (Benyi and Savendahl 2017). The growth
velocity is then slower until the start of the pubertal growth spurt, which leads to an increase in
height of 20-25 cm in girls and 25-30 cm in boys. After reaching peak high velocity in later
stages of puberty, growth velocity declines steeply, and adult stature is obtained (Benyi and
Sdvendahl 2017).

Several hormone systems are involved in the regulation of linear growth, as summarized in a
recent review (Benyi and Savendahl 2017). The growth hormone (GH) is secreted by the
pituitary gland and stimulates the secretion of insulin-like growth factor 1 (IGF-1) from the
liver (Kanbur et al. 2005). They are potent anabolic hormones and they both act directly on the
growth plate, i.e., the area at the end of long bones where elongation happens. IGF-1 acts on
the growth plate by stimulating proliferation and hypertrophy of chondrocytes and by
promoting ossification through osteoblasts. IGF-1 has an anabolic effect on every tissue of the
body, and apart from its role in the growth plate, it also promotes bone mineralization and
increase in muscle mass (Benyi and Savendahl 2017). During puberty, testosterone activity
leads to higher IGF-1 levels (Wood et al. 2019). Thyroid hormones are also important for linear
growth, regulating chondrocyte maturation, mineralization and secretion of cartilage matrix
(Combs et al. 2011). Estrogens are the determinant in closing the growth plate in both girls and
boys at the end of the pubertal growth spurt (Benyi and Savendahl 2017). Leptin, a hormone
produced by adipose tissue as well as muscle, placenta, and the pituitary gland, promotes
chondrocyte proliferation and differentiation, and stimulates GH secretion.

A pathway through which malnutrition during childhood affects linear growth is by lower
IGF-1 levels, which are increased with higher protein intake, as well as through lower leptin
and insulin concentrations (Benyi and Sévendahl 2017). Other factors affecting linear growth
are socioeconomic conditions, genetics, and the exposure to toxic chemicals (Bellinger 2012;
Black et al. 2013).

2.4.2 Bone health

The skeleton and teeth contain 99% of the calcium in the body. Bones mainly consist of
hydroxyapatite [Caio(PO4)s(OH)2] combined with collagen and mineral salts. Bone is a
dynamic tissue that is first modeled during fetal and infant growth, and then remodeled
throughout life to maintain the shape of the bone during growth, to repair fractures, and to
regulate the calcium concentration in plasma. The most abundant cells in bone tissue are
osteocytes (90-95%) (Schaffler and Kennedy 2012). Chondrocytes are found at the end of long
bones in the growth plate, where they proliferate during linear growth and are finally replaced
by osteoblasts in the process of endochondral ossification (Hinton et al. 2017). Bone
remodeling is finely tuned by feedback mechanisms (Raggatt and Partridge 2010) and involves
the process of bone resorption by osteoclasts and bone formation by osteoblasts. Osteoblasts
produce collagen type 1, osteocalcin (the most abundant non-collagenous protein) and alkaline
phosphatase (an enzyme for the incorporation of inorganic phosphate to form hydroxyapatite).
Parathyroid hormone (PTH) and vitamin D are two hormones involved in plasma calcium and
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phosphate homeostasis to enable adequate bone formation. PTH acts to induce the
concentration of calcium in plasma by upregulating its reabsorption in the kidneys and by
stimulating bone resorption. Vitamin D acts mostly on the small intestine to absorb calcium
and phosphate, but also directly on bone tissue to stimulate osteoblasts to produce osteocalcin
(Anderson et al. 2013; Morris et al. 2012).

There are two types of bone tissue: cortical bone, which is dense and compact and constitutes
80% of the total bone mass, and trabecular bone, which is light and porous and makes up the
remaining 20%. Cortical bone is mainly found in long bones, while trabecular bone is present
in the vertebrae, the pelvis, and at the ends of long bones. Trabecular bone is perfused with
blood vessels and has a faster rate of metabolism, and it is the primary location within the
skeleton from which calcium is obtained in periods of increased demand. Bone mineral density
(BMD) is the amount of mineral (mainly calcium) stored in bone, and it can be measured
through dual energy X-ray absorptiometry. Lower BMD is predictive of an increased risk of
fractures (Cummings et al. 1993). Osteoporosis is a disease characterized by low bone mass
and deterioration of the structure of bone which result in fractures. In osteoporosis, there is an
imbalance between the bone remodeling processes, where bone resorption dominates over bone
formation. Known risk factors for developing osteoporosis include heredity, older age, female
sex, smoking, low body mass index, early menopause, low intake of vitamin D and calcium,
among others (Pouresmaeili et al. 2018).

Osteoporosis has been described as a “pediatric disease with geriatric consequences”
(Hightower 2000). A key factor for future skeletal health is the acquisition of an adequate peak
bone mass. Although peak bone mass is reached between 20 and 30 years of age (Berger et al.
2010), most of bone acquisition is obtained during growth and development (Baxter-Jones et
al. 2011), and nutritional and lifestyle factors are influential in gaining bone mass (Weaver et
al. 2016) (Figure 1). Simulations have shown that a 10% increase in peak bone mass would
delay osteoporosis by 13 years (Hernandez et al. 2003).
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Figure 1. Changes in bone mineral mass over the lifetime, and impact on peak bone mass by
suboptimal lifestyle factors, including diet and nutritional status. Reproduced from Weaver et al. (2016).

The cost of osteoporosis to society and healthcare is enormous, both monetarily and in loss of
quality of life. In the U.S., it was estimated that fractures caused by osteoporosis lead to more
hospitalizations than heart attacks, strokes and breast cancer combined (Kralick and Zemel
2020). A recent meta-analysis estimated the prevalence of osteoporosis to be 21.7% among the
whole world’s elders, reaching 24.3% in Asia (Salari et al. 2021).

2.4.3 Puberty onset

Puberty is the transitional phase between childhood and reproductive maturity. The onset of
puberty is started by the activation of the hypothalamic-pituitary-gonadal (HPG) axis,
triggering the secretion of gonadotropin-releasing hormone (GnRH) from the hypothalamus.
GnRH then leads to the release of luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) from the anterior pituitary gland. These in turn act on the gonads to produce and secrete
sex steroids and peptide hormones leading to the development of both primary and secondary
sexual characteristics (Pinilla et al. 2012).

In girls, the first sign of puberty is breast budding, thelarche, which occurs approximately
2 years before the first menstruation, menarche (Wood et al. 2019). Menarche is induced by
the fluctuating and increasing circulating levels of the sex hormone estradiol (Pinilla et al.
2012). After menarche, it takes around a year for the menstrual cycle to become regular. In
boys, the marker of puberty onset is a testicular volume of 4 ml (Wood et al. 2019). The
progress of puberty is commonly characterized with the help of Tanner stages, which describe
the physical characteristics of pubertal development. The Tanner scale goes from 1 to 5; it
categorizes the development of pubic hair and genitals in boys, and the development of pubic
hair and breasts in girls (Marshall and Tanner 1969; Wood et al. 2019). The growth spurt
associated with puberty always occurs before menarche in girls, usually at Tanner
developmental stage 2. Instead, boys experience their growth spurt later into puberty, at around
stage 3-4 (Wood et al. 2019).
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Around half of the variability in the timing of puberty onset is explained by heredity (Towne
et al. 2005). Nutrition can also play a role, where consumption of animal protein is associated
with earlier menarche, and consumption of more vegetables is associated with later menarche
(Canelon and Boland 2020). Stunting during childhood has been reported be associated with
later puberty onset (Svefors et al. 2020). Exposure to different endocrine disrupting compounds
have been found to be associated with both earlier and later onset of puberty (Lopez-Rodriguez
et al. 2021; Schoeters et al. 2008). Epigenetic mechanisms are thought to be one way in which
timing of menarche can be affected (Toro et al. 2018)

The timing of puberty onset has been found to be associated with various health conditions
later in life. Earlier puberty is associated with an increased risk of cardiovascular disease,
type 2 diabetes, and cancer (Day et al. 2015; Kim and Je 2019; Lee et al. 2019; Werneck et al.
2018). Instead, delayed puberty has been reported to be associated with an increased risk of
osteoporosis both in men and in women (Vandenput et al. 2019; Bonjour and Chevalley 2014).
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3 RESEARCH AIMS

The overall purpose of the studies included in this thesis was to elucidate the role of early-life
environmental metal exposure on growth and development in school-aged children, with focus
on cadmium and gender differences.

Specifically, this thesis aimed to clarify:

e The impact of cadmium exposure during the mother’s pregnancy and during childhood
on bone-related biomarkers at 9 years of age (Paper 1),

e [f exposure to cadmium, lead and arsenic during the mother’s pregnancy and during
childhood was associated with growth up to 10 years of age (Paper I1),

e [fexposure to cadmium and lead during the mother’s pregnancy and during childhood
had any impact on age at menarche, as a measure of timing of puberty onset in girls
(Paper I11).
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4 MATERIALS AND METHODS
4.1 STUDY AREA AND PARTICIPANTS

4.1.1 Matlab and the arsenic problem

The studies included in this thesis were conducted in a mother-child cohort in Matlab, a rural
region in Bangladesh located approximately 53 km south-east of the capital Dhaka (Figure 2).
The climate of this area is sub-tropical and the year is divided into three seasons: monsoon,
post-monsoon (cool-dry), and pre-monsoon (hot-dry). The Dhonagoda river flows through
Matlab and it annually floods the surrounding areas because of the heavy precipitations during
the monsoon season. Most of the population lives in poor socioeconomic conditions, in small
single room houses with a dirt floor, bamboo walls and a tin roof. Agriculture is the primary
occupation. The diet is heavily reliant on rice, and on vegetables and pulses, and some
freshwater fish and very little meat. The most frequently consumed drinking water is obtained
from tube wells that were installed in the 1970’s. Since 1966, the International Centre for
Diarrhoeal Disease Research, Bangladesh (icddr,b) has also been running a health and
demographic surveillance system (HDSS) in Matlab. The HDSS provides regular visits by
community health workers and collects data about births, deaths, marriages and in- and out-
migration in the area. The mother-child cohort was established in half of the HDSS area (block
A, B, C and D, Figure 2; population of about 110,000), where icddr,b provides health services
to women of reproductive age and child health care through four health care facilities which
are linked to the hospital in Matlab.
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Figure 2. Map of the region of Matlab in Bangladesh, including the location of the hospital and the four
health care facilities. Adapted from (icddr,b 2017).
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The mother-child cohort was nested in a randomized food and micronutrient supplementation
trial called MINIMat (the Maternal and Infant Nutrition Intervention, Matlab), with the aim to
assess if a combination of food and micronutrient supplementation would improve pregnancy
outcomes and decrease infant and child mortality (Persson et al. 2012).

The MINIMat trial enrolled women in the early stage of pregnancy between November 2001
and October 2003. The eligibility criteria were a viable fetus with a gestational age less than
14 weeks (assessed via ultrasound), no severe illness, and a written consent for participation.
In total, 4436 pregnant women were enrolled, and they were randomly assigned to one of three
different supplementation groups [30 mg iron and 400 ug folate (standard treatment), or 60 mg
iron and 400 pg folate, or a capsule containing 15 recommended micronutrients including
30 mg iron and 400 pg folate; starting at gestational week (GW) 14] and to food
supplementation which was either provided early (around GW9) or at the usual timing (GW20)
(Persson et al. 2012). The food supplementation was provided 6 days per week and consisted
of a paste to mix with water, containing 80 g of roasted rice powder, 40 g of roasted pulse
powder, 20 g of molasses, and 12 mL (6 g) of soybean oil, amounting to 608 kcal.

Out of the 4436 pregnant women, 845 were lost to follow up, mainly due to pregnancy loss,
withdrawal of consent or out-migration from the study area. There was a total of 3625 live
births between April 2002 and June 2004, of which 3560 were born as singletons and 65 from
twin pregnancies (Persson et al. 2012). Birth anthropometry was available for 3267 of these
singleton births.

It was soon found that the drinking water consumed in the area commonly had high arsenic
concentrations, 40% over the WHO limit of 10 pg/L (Vahter et al. 2006). This spurred the need
for a long-term longitudinal research project to evaluate the potential health effects of arsenic
exposure and other environmental contaminants, focusing on outcomes related to child growth
and development. For this purpose, the nested mother-child cohort was established. For
exposure assessment in early pregnancy, the metal concentrations were measured in an aliquot
of the urine sample collected for pregnancy testing.

4.1.2 Participant selection in the present studies

The children were followed up multiple times during infancy, childhood, and adolescence, but
not all children were invited to every follow up in order to limit the burden of blood sampling
and testing on each child, thereby generating different branches in the mother-child cohort.

A branch consisting of 1303 children born between May 2003 and April 2004 was followed up
at 4.5 years of age with the primary aim to investigate asthma and allergy in relation to arsenic
exposure, thereby called the “immune cohort”. A subsample of 640 of these children was again
followed up at 9 years, donating urine and blood in which several immune markers were
assessed (Ahmed et al. 2013). The sample of paper | was the 551 children who had been
followed up at 9 years and who had provided urine and/or blood samples for metal analysis. In
complete subject analysis, 504 children had urinary metal exposure data and 487 had
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erythrocyte metal data, as well as outcome (bone-related biomarkers and anthropometry) and
covariate data at 9 years of age.

For paper 11, we included 1530 children from another branch of the mother-child cohort, called
the “developmental cohort”. These children were born between October 2002 and November
2003, and they were followed up at 5 and 10 years of age for developmental and behavioral
outcomes as well as anthropometry. This branch of the cohort was chosen for paper Il due to
its large size. However, the metal exposure assessment was based on concentrations in urine
and not in blood for this subsample of children.

In total, 2307 children (1132 boys and 1175 girls) born between May 2002 and June 2004
participated in a puberty follow-up between the ages of 12 and 15 years. As paper Il
investigated the relationship between metal exposure and age at menarche, the study sample
consisted only of girls. Out of the 1175 girls in the puberty follow-up, we included all girls who
had metal exposure data either from the mother’s pregnancy (in erythrocytes), or in urine at
5 or 10 years of age (n=935).

The Venn diagram below shows the overlap in participant mother-child dyads in papers I-111
(Figure 3).

Paper | Paper I

Paper Il
Figure 3. Venn diagram showing the overlap in the 2018 participating mother-child dyads between
papers I-111.
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4.2 SAMPLING AND DATA COLLECTION

4.2.1 Exposure biomarkers

The present studies included metal concentrations measured in urine and erythrocytes at
different time points. A summary of the elements and in which biological matrix they were
measured in for each paper is presented in Table 2. We studied the maternal metal exposure
measured both in urine and in erythrocytes in paper I, but in papers 11-111 we decided to only
include the erythrocyte metal concentrations. The erythrocyte concentrations at GW14 were
chosen to reflect the exposure during early pregnancy as, between the available concentrations
in urine and erythrocytes, erythrocyte concentrations were deemed to be the biomarker that
best reflects what can be transferred from plasma to the fetus (for arsenic and lead) (Chen et al.
2014; Concha et al. 1998) or accumulated in placenta (for cadmium) (Osman et al. 2000).

As mentioned in section 2.1.2, urinary concentrations of cadmium reflect long-term exposure,
as cadmium accumulates in the renal cortex (Akerstrom et al. 2013), while urinary
concentrations of arsenic and lead have a short half-life and reflect the exposure of the past few
days. Urinary arsenic concentrations contain both organic and inorganic species of arsenic, and,
as the organic species are considered less toxic than the inorganic forms, inorganic arsenic and
its metabolites were speciated through high-performance liquid chromatography coupled to
inductively coupled plasma mass spectrometry (ICP-MS) analysis, as previously described
(Gardner et al. 2011b). Therefore, in paper | we adjusted the models for urinary arsenic
concentrations measured as the sum of inorganic arsenic (As"!, AsV) and its methylated
metabolites [monomethylarsonic acid (MMA), dimethylarsinic acid (DMA)]. The speciated
urinary arsenic data was not available for all the children included in papers I1-111, where we
therefore used total arsenic concentrations. However, it was previously shown that in this
population with low fish intake the sum of arsenic metabolites and total arsenic concentrations
were very highly correlated both in the mothers (Gardner et al. 2011b) and in the 9-year-old
children (Skrdder Loveborn et al. 2016).

Urinary metal concentrations were adjusted for the average specific gravity (1.012 for both
child and maternal urine), which was measured by a digital refractometer (EUROMEX RD712
Clinical Refractometer, EUROMEX Holland, Anhem, the Netherlands), to compensate for
variation in urine dilution (Nermell et al. 2008). This method of compensation for urine dilution
is preferable to creatinine adjustment especially in growing adolescents, as urinary creatinine
varies with muscle mass as well as meat consumption (De Craemer et al. 2017). Moreover,
adjustment for specific gravity was also found to be more appropriate for a population where
malnutrition is widespread (Nermell et al. 2008).
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Table 2. Summary of the exposure biomarkers included in papers I-111, and at which time point
they were measured.

Paper Sample Time point Metals studied Metals as covariates

| Urine GWS8, 4.5y, and 9y Cd As (sum of metabolites)
Erythrocytes GW14,45y,and9y Cd -

| Erythrocytes GwW14 Cd, Pb and As -
Urine 10y Cd, Pb and As (total) -

i Erythrocytes GW14 Cd and Pb As
Urine 5y and 10y Cd and Pb As (total)

Abbreviations: GW, gestational week; Cd, cadmium; Pb, lead; As, arsenic.

4.2.2 Covariates

Maternal characteristics were collected either at the enrollment into MINIMat (maternal age,
parity, weight, height, education years) or from the HDSS (e.g. the household’s assets). The
socioeconomic asset score was generated through principle component analysis and was based
on information about the household’s dwelling characteristics and ownership of assets
(Gwatkin 2000). An updated asset score was generated at the follow-ups at 9 and 10 years of
age, and it was used in paper | and in paper 11, respectively. The asset score was categorized
in quintiles in papers I-11, and in tertiles in paper I11.

Season of conception was calculated from the gestational age at birth and the gestational age
at the ultrasound around GW14. In paper I, the season of blood sampling at 9 years was
categorized as pre-monsoon season spanning from January to May, monsoon from June to
September, and post-monsoon from October to December. However, as we later learned that
another categorization is more appropriate for the weather conditions in Bangladesh, the season
of conception in paper Il was categorized as pre-monsoon lasting from March to May,
monsoon from June to October, and post-monsoon from November to February.

The micronutrient and food supplementation, described in section 4.1.1, was included as a
covariate in paper | and in sensitivity analysis in papers 11-111. There were three micronutrient
supplementation groups, and two food supplementation groups, generating six different
combinations. In papers I-11 we considered supplementation as a variable with six categories,
while in papers Il we included micronutrient supplementation (three categories) and food
supplementation (two categories) as two separate variables.

Hemoglobin concentrations were measured in whole blood with a HemoCue photometer
(HemoCue AB). They were used as a measure of nutritional status, but they were only available
for the children included in paper I.

We did not adjust for maternal smoking habits or alcohol consumption during pregnancy
because all the pregnant women were non-smokers and alcohol is not consumed in this
population. Unfortunately, we did not have information about environmental tobacco smoking.
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4.3 ICP-MS

In all samples, the metal concentrations were measured using ICP-MS (Agilent 7500ce or
7700ce, Agilent Technologies, Tokyo, Japan) at the Unit of Metals and Health, Institute of
Environmental Medicine, Karolinska Institutet, Stockholm, Sweden. The principle of this
technology is that the liquid samples are first nebulized, becoming an aerosol, and then the
molecules are atomized and positively ionized by a torch of ionized argon gas. The ions are
then separated based on their mass-to-charge ratio in the mass spectrometer, generating an
electric signal that is measured and quantified with the help of calibration standards. The
advantages of this technique are that it is high throughput, it is possible to achieve very low
limits of detection, many elements can be measured simultaneously in the same run, and it
requires a smaller sample volume (which is then diluted before analysis) in comparison with,
for example, atomic absorption (Nageswara Rao and Talluri 2007). Cadmium (m/z 111) and
arsenic (m/z 75) were measured in helium mode, while lead (m/z 208) was measured in no gas
mode to minimize interferences.

4.3.1 Sample preparation

Urine samples were collected in trace-element-free bottles and kept at -70C until analysis,
when they were brought to room temperature, shaken, and diluted 1:10 with 1% nitric acid
(Scharlau, Scharlab, Sentmenat, Spain or Ultrapure Normatom, VWR Chemicals).

After blood sampling, erythrocyte and plasma were separated by centrifugation within a couple
of hours, and the plasma was transferred to other vials while the erythrocytes were left in the
blood collection tube and thereafter both fractions were stored at -70°C. Before analysis, the
erythrocyte samples were diluted 1:25 with an alkali solution [2% (wt:vol) 1-butanol, 0.05%
(wt:vol) EDTA, 0.05% (wt:vol) Triton X-100, 1% (wt:vol) ammonium hydroxide (NH4OH)
and 20 pg/L internal standard; Sigma-Aldrich], and then they were vortex mixed, sonicated for
5 min, and centrifuged at 179 x g for 2 min [MSE centrifuge, Super Minor; MSE (UK) Ltd.].
Approximately one third of the maternal erythrocyte samples included in the present studies
were measured following acid digestion instead (Kippler et al. 2009). The two methods gave
highly correlated results (Lu et al. 2015), but it was found that the alkali method consistently
gave concentrations that were lower than the acidic method (about 9% for cadmium, 10% for
lead, and 5% for arsenic). Therefore, the values obtained following acid digestion were
multiplied by 0.91, 0.90, and 0.95 for cadmium, lead, and arsenic, respectively, before pooling
the data.

4.4 OUTCOMES

4.4.1 Bone-related biomarkers

In paper I, we measured several bone-related biomarkers in plasma and urine at 9 years of age.
Concentrations of parathyroid hormone (PTH), vitamin D3 (25-hydroxyvitamin D), and
osteocalcin were measured in plasma through chemiluminescence using Cobas e601 (Roche
Diagnostics). Plasma levels of insulin-like growth factor 1 (IGF-1) and insulin-like growth
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factor binding protein 3 (IGFBP3) were measured using ELISA (Quantakine ELISA, R&D
Systems, Inc.). All these measurements were performed at the Nutritional Biochemistry
laboratory at icddr,b in Bangladesh.

Deoxypyridinoline (DPD) was measured in urine using MicroVue Bone DPD EIA (Quidel).
Concentrations of calcium in urine (not acidified) were measured with ICP-MS (Agilent
7700ce; Agilent Technologies). Both measurements were performed at the Unit of Metals and
Health, Institute of Environmental Medicine, Karolinska Institutet, Stockholm, and the urinary
concentrations of DPD and calcium were adjusted for specific gravity to account for the
variation in dilution of the urine samples.

The concentration of thyroid stimulating hormone (TSH) was measured in the plasma of the
children who had enough sample left (299 out of total 504). TSH was measured through
chemiluminescence with Cobas (Roche Diagnostics) at the Centre for Clinical Laboratory
Studies at Karolinska University Hospital, Stockholm. As the children’s blood samples had
been collected in sodium heparin tubes (Vacuette; Greiner Bio-One International AG), instead
of lithium heparin, it was not possible to measure thyroxine (T4) and triiodothyronine (T3) due
to incompatibility with the analytical method.

Details of the analytical performance of these measurements can be found in paper I.

4.4.2 Growth anthropometry

At birth, the infants’ weight and length were measured by trained nurses. The weight and
length/height were then measured monthly until 12 months of age, and later every three months
until 2 years. Thereafter, for a part of the children (the so-called “immune cohort”) the weight
and height were measured at 4.5 and 9 years of age, while for the children belonging to the
“developmental cohort” this was done at 5 and 10 years. Details of the weight and length/height
measurements can be found in paper I1.

The weight and length/height measurements were converted into weight-for-age Z-scores
(WAZ) and height-for-age Z-scores (HAZ) using child growth international reference values
developed by the WHO (de Onis et al. 2007; WHO 2006). Underweight was classified as WAZ
below -2 and stunting as HAZ below -2.

In paper I, we looked at WAZ and HAZ cross-sectionally at 9 years of age. In paper Il, in
addition to analyses on the Z-scores at 10 years, we included all WAZ and HAZ values from
birth until 10 years of age in a longitudinal analysis, in total 19 measurements.

For the sake of interpreting the clinical relevance of our findings in paper 11, we also repeated
some of the analyses using weight (in kilos) and height (in centimeters) as outcomes instead of
WAZ and HAZ.
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4.4.3 Age at menarche and Tanner developmental stages

The main outcome of paper 111 was age at menarche. Between 12 and 15 years of age, the
girls were interviewed twice with an interval of six months, asking if they had reached
menarche, and, if they had, the date of the event was recorded. A calendar with local events
was used to help the girls to remember, and the mothers were asked to assist if it was needed.
The six-month interval between interviews was chosen to minimize recall bias. Age at
menarche was calculated by subtracting the date of birth from the recalled date of menarche.

At the two interviews, the girls were also asked to self-assess their breast and pubic hair
development according to Tanner stages of pubertal development, with the help of pictures
(Marshall and Tanner 1969). However, as the validity of self-assessed puberty developmental
stages may be low (Rasmussen et al. 2015), we chose to not include these outcomes in the main
analyses of paper Ill. Instead, we primarily used this data for descriptive purposes, and to
observe if associations between metal exposure and puberty developmental stages were
consistent with the results of the analyses on age at menarche.

4.5 STATISTICAL ANALYSES

All statistical analyses were performed using Stata/IC (version 12 for paper | and version 16
for papers 11-111; StataCorp). The statistical significance level was set to p<0.05, but we also
evaluated the consistency of data.

To evaluate bivariate associations, we used Spearman’s rank correlation between continuous
variables and Kruskal-Wallis, Mann-Whitney U-test or Pearson’s chi-square test between
continuous and categorical variables, and Pearson’s chi-square test between two categorical
variables. In papers I-11, metal concentrations were logz-transformed as the exposure data was
right-skewed. In papers 111, the metal exposure was categorized into quartiles, as a categorical
exposure variable was necessary to conduct Kaplan-Meier analysis. We also categorized the
metal exposure into tertiles in a minor analysis in paper Il to evaluate the relevance of the
findings using weight and height as outcomes instead of WAZ and HAZ.

The associations between exposure and outcome were assessed through multivariable-adjusted
linear regression analyses in papers I-11. Before linear regression was applied, we checked if
linearity between the loga-transformed exposure and the studied outcomes could be assumed
with the help of scatter plots fitted with lowess lines. The fit of the models was visually assessed
with g-g plots and residual versus fitted plots. The results were presented as non-standardized
B-coefficients with 95% confidence intervals (CI). In paper 111, linear regression could not be
employed as one quarter of the girls had not yet reached menarche. Therefore, we evaluated
the associations between metal exposures and age at menarche via survival analysis, with the
Kaplan-Meier estimator of survival and Cox proportional hazards regression. The analyses of
associations between metal exposures and Tanner stages in paper 111 were performed with
ordered logistic regression. The results were presented as hazard ratios (HR) for the Cox
regression and odds ratios for the ordered logistic regression, both with 95% CI.
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We conducted complete subject analyses in all the studies included in this thesis. Individuals
with missing covariate data were only included if the covariate in question was just used in
sensitivity analyses and not in the main analyses. The covariates included in the models were
chosen based on being variables known to affect the outcomes, or because they correlated with
both the metal exposure and the outcome. When several covariates were highly correlated, we
chose the variable that led to the highest R? in the regression model. In paper 111, we employed
a directed acyclic graph (DAG) to identify which covariates should be included in the models.

As we were particularly interested in differences between boys and girls, multiplicative
interaction terms between exposure and gender were included in paper 1. All analyses in
papers I-11 were stratified by gender. Various sensitivity analyses were conducted to assess
potential confounders or mediators, such as adjusting for the supplementation group and
combining the exposure to the three studied metals in the same model. A detailed description
of all the analyses performed in each study can be found in papers I-111.

4.6 ETHICAL CONSIDERATIONS

All the studies were in concordance with the Helsinki Declaration and were approved by the
Ethical Review Committee at icddr,b in Bangladesh and the Ethical Review Board in Sweden.

Written and oral consent was obtained from the mothers before enrolling in the MINIMat trial
in Bangladesh. Parents or guardians gave their written consent before the children participated
at each follow-up.

As many participants originate from low socioeconomic strata, it was important to inform the
mothers and the children that they could withdraw their consent to participation in the study at
any time point, without it affecting their access to routine healthcare service. The reward for
participation was something small, for example pencils and a coloring book for the child or a
snack, in order not to offer a too valuable reward which could have made the mothers feel
obligated to participate.

Urine collection is non-invasive and does not involve any risks; the blood sampling was
performed by trained personnel, and there was only a small risk of bleeding or bruising.
Measurements of anthropometry and other health outcomes were collected using well-
established methodologies. Only female personnel conducted the interviews to collect data
about menarche and pubertal developmental stage to respect the integrity of the adolescent girls
as much as possible.

All work at Karolinska Institutet was conducted on coded data, and the key is stored at icddr,b
in Bangladesh. Therefore, the identity of the study subjects was impossible to know from the
study ID. The data was only stored on secure servers.

In the early phase of the mother-child cohort, once it became clear that many water sources
contained high arsenic levels, the water pumps where families collect drinking water were
painted red if the water contained more than 50 pg/L (the national cut-off in Bangladesh) or
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green if it contained less. The community was informed about the risks involved with arsenic
in drinking water and about the color coding so they could choose safe drinking water sources,
and it was recommended that especially pregnant women and children should drink from green
painted wells. At the 10-year follow-up, the median arsenic concentrations in drinking water
had indeed decreased. However, the children’s exposure to arsenic was still elevated, mainly
from food (Kippler et al. 2016). Most of the metal analyses were performed long after the actual
sample collection, but in case of abnormally high concentrations the responsible PI at icddr,b
was informed.

This research is not associated with any risks to society that we are aware of. As mentioned
above, it entailed minimal risks to the individual participants, about which they were informed
before the start of the study. It could also result in benefits to the participants if abnormally
high exposure levels were discovered, which could be acted upon to reduce them. The purpose
of this research is to gain knowledge about if and how common environmental contaminants
may affect children’s health. Ideally, the reported results will contribute to the body of evidence
used to perform future health risk assessments and in the implementation of policies to reduce
the exposure to toxic metals, thereby improving public health and indirectly benefitting the
participants and future generations.
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5 RESULTS AND DISCUSSION

Here follow the main results of the studies included in this thesis and associated discussion, as
well as some unpublished data. Further details can be found in the individual papers
(papers I-111).

5.1 EXPOSURE ASSESSMENT

An important strength of the studies included in this thesis is that we had measures of individual
exposure to metals at several time points, both during the mother’s pregnancy and twice during
childhood. Moreover, for the children included in paper I, the exposure assessment was
available through concentrations in both urine (long-term exposure for cadmium, short-term
for lead and arsenic) and erythrocytes (exposure from the last 3-4 months) at all time points.

In order to compare the levels of cadmium, lead, and arsenic exposure of the mothers and
children included in these studies (papers I-111) to other literature, the median and 5"-95%
percentiles of the exposure biomarkers of all the included mother-child dyads (n=2018 in total)
are presented in Table 3. As erythrocyte metal concentrations are seldom reported in the
literature, the erythrocyte concentrations have been converted into an approximate blood metal
concentration using the median hemoglobin values at each time point (11.6 g/dL in mothers at
GW14, 12.7 g/dL in the children at 4.5 years, and 12.5 g/dL at 9 years), based on the formula
reported by Gustin and colleagues (Gustin et al. 2020). For cadmium and lead, the estimated
whole blood concentrations were calculated disregarding their concentrations in plasma, as
more than 96% of cadmium and lead in blood are found in the erythrocytes. For arsenic, we
performed the calculations by estimating the arsenic plasma concentration to be 27% of the
concentration in the erythrocytes. This was based on the ratio between median plasma and
erythrocyte concentrations measured when a subset of the children included in paper | were
9 years old (Skroder et al. 2018).

Urinary cadmium concentrations increased with increasing age, as expected for an exposure
biomarker with a half-life of decades and were therefore the lowest in the children at 5 years
of age and highest in the pregnant mothers. Instead, the current exposure, represented by
erythrocyte concentrations, appeared to be quite constant over time. The urinary cadmium
concentrations of the children were comparable to those observed in children and adolescents
in Mexico (mean 0.22 pg/L and 0.10 pg/L) (Zamoiski et al. 2014; Ashrap et al. 2019) and the
U.S. (0.26 pg/L) (Reynolds et al. 2020), and lower than those reported in a study in Pakistan
(0.56 pg/L) (Sughis et al. 2011). The diet in Bangladesh is heavily reliant on rice, which is a
known source of cadmium. Rice samples from the study area have been reported to contain a
median concentration of 47 ug Cd/kg dry weight, with considerable variation (Kippler et al.
2010b).

The children’s erythrocyte and urinary lead concentrations were markedly lower at 9 years than
at 4.5 years of age, possibly because of less exposure from soil and dust through hand-to-mouth
behavior as children grew up. The estimated whole blood lead concentrations at 9 years were
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comparable to those that have been reported in studies of children of various ages in China
(mean 46 pg/L) (Zhou et al. 2020), Uruguay (42 pg/L) (Donangelo et al. 2021), Russia
(30 pg/L) (Burns et al. 2017), while the estimated concentrations at 4.5 years were more similar
to those of children living near contaminated sites in Poland (77 pg/L) and China (73 pg/L)
(Yang et al. 2013). We have previously observed that the study population appears to be
exposed to lead through rice, cooking pots and metal sheet roof material (Bergkvist et al. 2010).

The participants of this mother-child cohort live in arsenic-endemic region with high arsenic
concentrations in the drinking water, which is reflected in the arsenic concentrations in urine
and erythrocytes. After mitigation efforts, the arsenic concentrations in drinking water
decreased from the time of enrolment until the 10-year follow-up, but the children were still
found to have elevated exposure, probably through rice (Kippler et al. 2016). Indeed, the
median urinary concentrations in children at 5 and 10 years was 10 times higher than the
median concentration reported in 6-11-year-old children of an NHANES cohort in the U.S.
(6.4 ng/L) (Jain 2021). There are other arsenic-endemic regions apart from Bangladesh and
South-East Asia, for example some areas in the Bolivian Andes, where the reported median
urinary concentrations in adults (65 pg/L) (De Loma et al. 2019) were similar to what was
observed in Bangladesh.
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Table 3. Median concentrations (5™-95" percentile) of the available exposure biomarkers for all
mother-child dyads included in papers I-111.

Metal exposure biomarkers n Median (5"-95™ percentile)
Cadmium
Urine (pg/L)
Mothers at GW8 1874 0.60 (0.17; 1.9)
Children at 5y 1477 0.22 (0.083; 0.65)
Children at 10y 1523 0.24 (0.083; 0.64)
Erythrocytes (ug/kg)
Mothers at GW14 1660 0.93 (0.29; 2.3)
Children at 4.5y 363 0.94 (0.42; 2.4)
Children at 9y 507 0.90 (0.42; 1.9)
Whole blood (estimated, pg/L)
Mothers at GW14 1660 0.36 (0.11; 0.89)
Children at 4.5y 363 0.39 (0.18; 0.98)
Children at 9y 507 0.37 (0.17; 0.77)
Lead
Urine (pg/L)
Mothers at GW8 1588 2.3 (0.34; 6.5)
Children at 5y 1477 3.7 (1.6; 10)
Children at 10y 1523 1.6 (0.65; 4.1)
Erythrocytes (ug/kg)
Mothers at GW14 1660 72 (23; 155)
Children at 4.5y 363 177 (98; 320)
Children at 9y 507 115 (71; 225)
Whole blood (estimated, pg/L)
Mothers at GW14 1660 27 (8.9; 59)
Children at 4.5y 363 74 (41; 134)
Children at 9y 507 47 (29; 92)
Arsenic
Urine (total, pg/L)
Mothers at GW8 1933 82 (19; 560)
Children at 5y 1477 56 (17; 346)
Children at 10y 1523 57 (19; 375)
Erythrocytes (ug/kg)
Mothers at GW14 1660 4.4 (1.2; 23)
Children at 4.5y 363 3.6 (1.3;19)
Children at 9y 507 3.3 (1.3; 20)
Whole blood (estimated, pg/L)
Mothers at GW14 1660 2.0 (0.54; 10)
Children at 4.5y 363 1.8 (0.63; 9.3)
Children at 9y 507 1.6 (0.62; 9.6)

Abbreviation: GW, gestational week.
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5.2 BONE-RELATED BIOMARKERS

Long-term cadmium exposure has been linked to bone toxicity in middle-age and elderly
individuals, manifesting in an increased risk of osteoporosis and fractures (Akesson et al. 2006;
Alfvén et al. 2000; Nawrot et al. 2010). However, several knowledge gaps remain concerning
the modes of action underlying the cadmium-related bone effects. Animal studies with high
cadmium doses and epidemiological studies from contaminated areas have found an indirect
effect via kidney damage, leading to altered vitamin D activation and/or decreased calcium
reabsorption in the kidneys (Brzoska and Moniuszko-Jakoniuk 2005; Jin et al. 2004). On the
other hand, epidemiological studies conducted in populations with lower exposure levels also
suggest a direct effect on bone cells, leading to increased bone resorption (Akesson et al. 2014;
Nawrot et al. 2010; Schutte et al. 2008). Little is known concerning the initiation of the
cadmium-related bone toxicity and whether there are windows of susceptibility.

In paper I, we evaluated the associations between cadmium exposure during the mother’s
pregnancy and during childhood and bone-related biomarkers at 9 years of age.

5.2.1 Biomarkers of bone remodeling

Bone resorption and formation are highly coupled processes regulated through feedback
mechanisms (Raggatt and Partridge 2010). Deoxypyridinoline (DPD) is a crosslink of type 1
collagen in bone which provides stiffness; its concentrations excreted in urine are a marker of
bone resorption. Osteocalcin is a calcium-binding peptide and the most abundant non-
collagenous protein in bone. It is secreted by osteoblasts and it therefore serves as a marker of
bone formation (Greenblatt et al. 2017).

We found that concurrent urinary cadmium was positively associated with urinary DPD at
9 years of age (Figure 4). A doubling of concurrent urinary cadmium was associated with an
increase in DPD corresponding to 22% of its standard deviation (SD).

400 600

Urinary DPD (nmol/L)
200

-4 -2 0 2
Urinary cadmium at 9 years (ug/kg, logz)

Figure 4. Scatter plot with lowess line of children’s concurrent urinary cadmium concentrations
(logo-transformed) and urinary deoxypyridinoline (DPD) at 9 years.

30



We also found that the children’s concurrent cadmium exposure, measured by concentrations
both in urine and in erythrocytes, was positively associated with osteocalcin at 9 years of age.
In sensitivity analysis, we adjusted the model of children’s concurrent urinary cadmium and
DPD for osteocalcin, and vice versa, to assess if one of these two outcomes mediated the
association of urinary cadmium and the other outcome. We observed that the association
between urinary cadmium and DPD was not affected by the adjustment for osteocalcin, while
urinary cadmium was no longer associated with osteocalcin after adjusting for DPD. These
results point towards the hypothesis that cadmium exposure induces bone resorption, which in
turn elicits an increase in bone formation through feedback mechanisms.

Studies on bone effects of cadmium in children are scarce. The finding of a positive association
between urinary cadmium and DPD was consistent with a previous cross-sectional study of
8- to 12-year-old Pakistani children (n=155), which, however, did not assess any markers of
bone formation (Sughis et al. 2011). The only other available study which assessed children’s
cadmium exposure and markers of bone remodeling was conducted in 3- to 8-year-old children
(n=246) living in an area with electronic waste-recycling industries in China (YYang et al. 2013).
They did not observe any association between blood cadmium concentrations (about twice as
high as in paper 1) and either markers of bone resorption or bone formation.

Experimental studies of early-life cadmium exposure and its impact on bone are also scarce,
but a study on young rats exposed to cadmium in drinking water from weaning to maturity
reported that low-level cadmium exposure affected the mineralization of the tibia, resulting in
weakened mechanical properties at maturity (Brzoska et al. 2005). Both in vitro and in vivo
experimental studies have shown that cadmium promotes bone resorption by stimulating
osteoclast formation (Rodriguez and Mandalunis 2016; Wilson et al. 1996).

In order to exclude the possibility that the association between urinary cadmium and urinary
DPD was due to co-excretion, it would have been valuable to have measured a biomarker of
bone resorption in another matrix than urine, such as Receptor activator of nuclear factor
kappa-B ligand (RANKL) in plasma. However, the fact that urinary DPD was correlated with
plasma osteocalcin (rs=0.23; p-value<0.05) indicates that it was unlikely that co-excretion
would be the entire explanation for the observed association between urinary cadmium and
DPD.

5.2.2 Vitamin D3

Vitamin D is a hormone important for correct bone mineralization and severe deficiency can
lead to rickets in children. It is involved in calcium and phosphate homeostasis and can act
directly on bone tissue to regulate osteoblast and osteoclast activity (Anderson et al. 2013;
Morris et al. 2012).

We found a robust inverse association between the children’s cadmium exposure and
concentrations of vitamin D3 (25-hydroxyvitamin D, the inactive form) at 9 years (Figure 5).
This inverse association with vitamin D3 was observed in models of cadmium exposure
measured both in urine and in erythrocytes, both concurrently at 9 years and at 4.5 years of age.
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Figure 5. Scatter plot with lowess line of children’s concurrent urinary cadmium concentrations
(logz-transformed) and plasma vitamin D3 at 9 years.

While the mechanism is not known, since we measured the inactive form of vitamin D3 in
paper I, it seems unlikely that the observed inverse association between childhood cadmium
exposure and vitamin D3 is due to an indirect toxic effect on the kidney, preventing its
transformation into the active form. On the other hand, it has previously been reported that the
children’s urinary cadmium concentrations were inversely associated with their estimated
glomerular filtration rate (eGFR) at 4.5 years and at 9 years (Skroder et al. 2015; Akhtar et al.
2021). However, the exposure levels were low and the effect estimates were modest. Moreover,
the accuracy of eGFR in estimating the true glomerular filtration rate has been questioned when
values are in the normal GFR range (Barregard et al. 2022).

We could only find one other study which had investigated the relationship between cadmium
exposure and vitamin D in children (Zamoiski et al. 2014). It included Mexican adolescents
(n=512) with similar urinary cadmium and 25-hydroxyvitamin D concentrations as the children
in paper I. In contrast to paper I, they observed no associations between concurrent urinary
cadmium concentrations and either 1,25-dihydroxyvitamin D (the active form) or
25-hydroxyvitamin D. Thus, more research is warranted on the consequences of a possible
cadmiume-related decrease in vitamin D levels in children.

5.2.3 Lead and bone-related biomarkers

Lead is known to accumulate in bone and to interfere with calcium metabolism (EFSA 2013).
While all models in paper | were adjusted for arsenic exposure, as it is an important potential
confounder to take into consideration in the study area, we did not include lead in the
adjustments.

Therefore, the effect coefficients of linear regression models of erythrocyte lead concentrations
at 9 years and the studied bone-related biomarkers are reported here in Table 4. The erythrocyte
lead concentrations were logz-transformed, as they were right-skewed as the cadmium and
arsenic concentrations, and the models were adjusted as in Table 2 of paper | (see footnote of
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Table 4 below). No association was found between the children’s concurrent erythrocyte lead
concentrations and any of the studied bone-related biomarkers, and the effect estimates of
cadmium remained unchanged with lead in the models (less than 5% change in the effect
estimates of all models). No association was found between maternal erythrocyte lead
concentrations during pregnancy, or the children’s erythrocyte lead concentrations at 5 years
of age, and any of the bone-related biomarkers either.

Table 4. Results of multivariable-adjusted regression models of the children’s concurrent
erythrocyte lead concentrations (log.-transformed) with bone-related biomarkers at 9 years of age.

Bone-related biomarker?* B (95% CI)? p-value
PTH (pg/mL) 0.34 (-2.0; 2.7) 0.78
Osteocalcin (ng/mL) 2.5(-2.4;7.5) 0.31
DPD (nmol/L) -1.5 (-19; 16) 0.86
Urinary calcium (mg/L; log.) 0.029 (-0.23; 0.29) 0.83
Vitamin D3 -1.4 (-4.3; 1.6) 0.36
IGF-1 (ng/mL) 1.6 (-4.0; 7.1) 0.58
IGFBP3 (ng/mL) 0.63 (-152; 153) 0.99
TSH (mE/L) 0.12 (-0.28; 0.53) 0.55

Abbreviations: PTH, parathyroid hormone; DPD, deoxypyridinoline; IGF-1, insulin-like growth
factor 1; IGFBP3, insulin-like growth factor binding protein 3; TSH, thyroid stimulating hormone.
IN=487 children for all outcomes except TSH (n=297).

’Models adjusted for child gender, maternal education, household’s socioeconomic status, child
hemoglobin, and log,-transformed concentrations of urinary arsenic and urinary cadmium at 9
years.

To our knowledge, associations of lead exposure and bone-related biomarkers in children have
only been reported in one previous study. This was done in the study of children living in an
electronic waste recycling area in China, earlier mentioned in section 5.2.1, in which blood
lead concentrations (mean 73 pg/L) were positively associated with urinary DPD (YYang et al.
2013). However, as they lived in a contaminated area, it is possible that these associations were
confounded by other exposures. More studies of children living in non-contaminated areas are
needed to clarify the relationship between lead and cadmium exposure and bone health during
childhood.

5.3 GROWTH ANTHROPOMETRY AT 10 YEARS OF AGE

Apart from lower peak bone mass and increased fragility, a possible consequence of toxic
insults to bones can be decreased longitudinal growth. In the MINIMat cohort, it has previously
been shown that maternal exposure to cadmium during pregnancy was associated with
decreased birth size (Kippler et al. 2012a), and that the children’s concurrent cadmium
exposure was associated with lower WAZ and HAZ at 5 years (Gardner et al. 2013). No
association between lead exposure and growth has previously been reported in the MINIMat
cohort (Gardner et al. 2013). However, exposure to lead both prenatally and during childhood
has been linked to decreased growth in infancy and childhood in other populations (Burns et
al. 2017; Signes-Pastor et al. 2019; Zhou et al. 2020). Moreover, earlier studies in the MINIMat
cohort have reported that maternal urinary arsenic concentrations during pregnancy were
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inversely associated with size at birth (Rahman et al. 2009), and the children’s urinary arsenic
concentrations at 18 months and at 5 years were associated with decreased weight and height
at 2 and 5 years, respectively (Saha et al. 2012; Gardner et al. 2013).

Therefore, we wanted to investigate if the associations between cadmium exposure, as well as
lead and arsenic, persisted in later childhood, when a possible impact on bone remodeling by
cadmium could be observed.

5.3.1 Cadmium

In paper I, there was an indication of an association between the children’s concurrent urinary
cadmium concentrations and decreased WAZ scores at 9 years. However, the confidence
intervals were wide, and we could not ascertain an association with the sample size in paper |
(n=504).

Hence, in paper Il we aimed at elucidating the same question with the help of a much larger
sample size (n=1530). Here, we could indeed observe that the children’s concurrent urinary
cadmium was associated with WAZ, and possibly also HAZ, at 10 years of age, while we did
not observe any association between maternal cadmium exposure during early pregnancy and
the children’s WAZ and HAZ at 10 years. After stratification by gender, we found that the
inverse association between the children’s urinary cadmium and WAZ and HAZ was stronger
in boys, as discussed below in section 5.4.

The findings of the non-stratified analyses were similar to those previously observed in these
children at 5 years of age: even then, it was the children’s own cadmium exposure that was
associated with decreased WAZ and HAZ, and not the maternal exposure measured in urine
during pregnancy (Gardner et al. 2013). Other studies have indicated that prenatal cadmium
exposure may affect growth well into childhood. In a Greek study (n=515), elevated prenatal
cadmium exposure (third tertile of maternal urinary cadmium compared to the two other
tertiles) was associated with slower weight trajectories in all children and slower height
trajectories in girls up to 4 years of age (Chatzi et al. 2018). However, confounding by maternal
smoking could not be excluded. A study of Taiwanese children (n= 289) observed that cord
blood cadmium concentrations were inversely associated with child weight, height and head
circumference at 3 years of age (Lin et al. 2011). Another study in Belgian children (n=114)
found that cord blood cadmium was associated with decreased weight and body mass index in
girls at 7-9 years of age (Delvaux et al. 2014).

However, when we looked at the whole growth curve from birth until 10 years, we found that
maternal erythrocyte cadmium was associated with decreased WAZ in boys. The effect
estimate was modest, corresponding approximately to a difference in 0.1 kg when comparing
the boys born by the mothers in the highest and lowest tertiles of cadmium exposure during
pregnancy. As there was no association between maternal exposure and WAZ or HAZ at
10 years, it appeared as if the impact of the maternal exposure during pregnancy on child
growth declined over time.
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A major driver of systemic growth in virtually every tissue in the body, including bone, is the
anabolic hormone insulin-like growth factor 1 (IGF-1), which is secreted from the liver after
stimulation by the growth hormone (GH) from the anterior pituitary gland (Kanbur et al. 2005).
Early-life cadmium exposure has been reported to affect the IGF-1 pathway. An experimental
study found that young rats administered with 50 mg Cd/L through the drinking water had
lower plasma levels of IGF-1 and insulin-like growth factor binding protein 3 (IGFBP3)
(Turgut et al. 2005).

Unfortunately, we did not have data on plasma levels of IGF-1 for the children included in
paper 11, as we did for the smaller sample of children included in paper I. In the latter, while
we could not ascertain an association, we observed a trend of an inverse association between
the children’s concurrent urinary cadmium and IGF-1 at 9 years. In addition, the suggested
association between urinary cadmium and WAZ at 9 years was attenuated by the adjustment
for IGF-1, adding evidence towards the hypothesis that lower IGF-1 levels may be one of the
mechanisms by which cadmium exposure affects growth.

We found stronger associations between cadmium exposure during childhood and WAZ than
with HAZ. When we adjusted the models of children’s concurrent urinary cadmium and WAZ
and HAZ at 9 years for urinary DPD, plasma osteocalcin or vitamin D3, these adjustments did
not weaken the effect estimates of urinary cadmium with WAZ (paper 1). This suggests that
the possible effect of cadmium on growth is mediated through a different mode of action than
its effects on bone remodeling. Nevertheless, we cannot exclude that these observed
associations are because of a common causal pathway, especially as we did not have the
necessary power to elucidate the association between children’s concurrent urinary cadmium
and WAZ at 9 years, when concentrations of bone-related biomarkers were available.

5.3.2 Lead and arsenic

In addition to cadmium, we also investigated if lead and arsenic exposure were associated with
WAZ or HAZ at 10 years in paper Il. Maternal exposure was assessed by concentrations in
erythrocytes, and just as for cadmium, lead and arsenic in erythrocytes reflect the exposure of
the past few months. In the children we measured urinary lead and arsenic, as blood samples
were not collected from this part of the cohort. However, while urinary cadmium is a long-term
exposure biomarker, it should be noted that urinary concentrations of lead and arsenic are
susceptible to day-to-day variations, as their half-life is only a couple of days, thus increasing
the uncertainty.

We found no association between gestational erythrocyte lead or the children’s concurrent
urinary lead and WAZ or HAZ at 10 years. However, after stratification by gender, we
observed an inverse association between concurrent lead exposure and both WAZ and HAZ
only in boys. The effect coefficients of the inverse associations between lead exposure during
childhood and growth at 10 years were modest, boys in the highest exposure tertile were
approximately 0.4 kg lighter and 0.7 cm shorter than the boys in the lowest tertile, and therefore
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do not appear to be as critical as the neurodevelopmental effects which are the basis of the
current risk assessment of lead in children (EFSA 2013).

The biomarkers of cadmium and lead exposure were weakly correlated (urinary cadmium and
lead at 10 years: rs=0.13, p-value<0.001; erythrocyte cadmium and lead at GW14: rs=0.37, p-
value<0.001) (paper 11). Moreover, both exposures at 10 years were associated with decreased
size in boys. Therefore, we conducted a sensitivity analysis, creating a combined exposure
model with all three studied metals at the same time points. There, we found that mutual
adjustment made the effect coefficients of cadmium and lead on WAZ and HAZ only slightly
weaker (less than 15% change).

This was the first time that an association between lead exposure and growth was observed in
this mother-child cohort. No association was found between prenatal or childhood exposure to
lead and growth anthropometry at 5 years of age (Gardner et al. 2013). We do not know if this
depends on an increased susceptibility with increasing age and longer exposure time, or if this
age (around 10 years) is a window of susceptibility because of the impending start of puberty.
An association of childhood blood lead with WAZ/weight or HAZ/height has previously been
reported in other study populations living both in contaminated areas (Ignasiak et al. 2006;
Yang et al. 2013) and in non-contaminated areas (Burns et al. 2017; Zhou et al. 2020). In a
longitudinal study in Russian boys from 8 to 18 years of age, boys with blood lead
concentrations at baseline above 50 pg/L were at adulthood 2.6 cm shorter than boys with
concentrations lower than 50 pg/L (Burns et al. 2017). This threshold value was very close to
the median value of estimated whole blood lead concentrations at 9 years of age of 47 pg/L in
the children of the MINIMat cohort (Table 3).

We could not find any association between either prenatal or childhood exposure to arsenic and
anthropometry at 10 years. It appears as if child growth becomes less susceptible to arsenic
exposure with increasing age, as an inverse association was observed at birth (Rahman et al.
2009), at 2 years (Saha et al. 2012), and 5 years (Gardner et al. 2013), with smaller effect sizes
over time. The above-mentioned follow-up studies at 2 and 5 years were the only two studies
concerning childhood exposure to arsenic and growth which were mentioned in a review from
2017 (Rahman et al. 2017). Since then, another study of Bangladeshi children (not from the
present mother-child cohort) was published, which found that children younger than 5 years of
age with higher urinary arsenic concentrations had higher odds of being underweight (Alao et
al. 2021). We could not find any studies investigating the relationship between arsenic exposure
during childhood and growth past 5 years of age.

It was surprising that no associations were observed between arsenic exposure and growth at
10 years, as the mitigation efforts to reduce arsenic in drinking water have not been successful,
and many families still consume drinking water with arsenic concentrations well above the
WHO guideline value of 10 pg/L (range <0.01-675 pg/L) and eat arsenic-contaminated rice
(Kippler et al. 2016).
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5.4 GENDER DIFFERENCES

One of the aims of papers I-11 was to elucidate any differences between boys and girls in the
associations between metal exposure and outcomes related to bone health and growth. This
was of particular interest because gestational cadmium exposure has previously been found to
be associated with decreased birth size in girls but not in boys, a finding that was initially
reported in this cohort (Kippler et al. 2012a; Kippler et al. 2012c) and later replicated in several
other populations, as reviewed by Flannery and colleagues (Flannery et al. 2022). Moreover,
in the MINIMat cohort, girls still seemed to be more susceptible when the association between
cadmium exposure and growth anthropometry was investigated at 5 years of age, even if the
gender difference was weaker then (Gardner et al. 2013). Therefore, we wanted to investigate
if these gender differences persisted later in childhood.

As mentioned in section 5.2.1, urinary and erythrocyte cadmium were positively associated
with plasma osteocalcin in all children at 9 years of age (paper I). However, when we stratified
the analyses by child gender, we found that the association between urinary cadmium and
osteocalcin went in different directions (Figure 6). While a positive association was observed
in girls, where a doubling of urinary cadmium corresponded to an increase in osteocalcin of
around one third of its SD, in boys a doubling of urinary cadmium was associated with a
decrease in osteocalcin of 14% of its SD.
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Figure 6. Scatter plot with lowess lines of children’s concurrent urinary cadmium concentrations
(logz-transformed) in boys (blue triangles and lowess line) and girls (red diamonds and lowess line) and
plasma osteocalcin at 9 years.

These results suggested that there was a dysregulation between bone resorption and bone
formation at 9 years that was evident only in the boys, in whom the upregulated bone resorption
did not seem to be compensated by an upregulation of bone formation. This observation was
surprising, as it appeared that there was a switch in susceptibility between genders between the
ages of 5 and 9 years.
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When we explored the association between the children’s concurrent urinary cadmium
exposure and growth anthropometry at 9 and 10 years (papers I-11) we observed an inverse
association with WAZ in all children. Once we stratified the models by gender, we found that
the association with WAZ at 10 years of age was twice as strong in the boys as in the girls.
Boys belonging to the highest tertile of urinary cadmium were about 0.6 kg lighter than the
boys in the lowest tertile (paper I1).

The potentially dysregulated bone remodeling in boys suggested in paper | could be a
mechanism by which growth in boys might be more susceptible to cadmium at prepubertal age.
In section 5.3.1, it was suggested that lower IGF-1 levels may be a way through which the
association between urinary cadmium and decreased WAZ is mediated. Indeed, in paper | we
found that boys had lower IGF-1 levels than girls at 9 years, and urinary cadmium
concentrations were inversely associated with IGF-1 in boys, but not in girls. For reference, a
multicenter study with ethnically diverse healthy participants reported that at 9 years of age the
median IGF-1 concentrations were higher in boys than in girls (Bidlingmaier et al. 2014).

However, the higher IGF-1 levels in the girls could be, at least in part, because girls enter
puberty earlier than boys, and a few of them were on the verge of entering puberty at this age.
A vyear later, at 10 years, 11% of the girls had entered breast development stage 2 or higher
(Svefors et al. 2016).

While it was surprising that there was a change in susceptibility to cadmium from girls to boys
around 10 years of age, it seems as if growth is not the only outcome that displays this tendency.
At 5 years of age, in the children included in paper I, an inverse association was reported
between maternal as well as children’s urinary cadmium concentrations and 1Q, which was
slightly stronger in the girls than in the boys (Kippler et al. 2012b). Instead, when these children
were followed-up at 10 years, the inverse association between the children’s concurrent urinary
cadmium and 1Q was mainly found in the boys (Gustin et al. 2018). Likewise, in a U.S. study,
boys appeared to be more susceptible than girls in the association between cadmium exposure
and neurodevelopmental outcomes at school age (Ciesielski et al. 2012).

The multitude of putative effects and the change in susceptibility between boys and girls over
time suggests that cadmium adversely affects human health through different modes of action
during different life stages such as during gestation, infancy, and childhood, as well as that
boys and girls are more or less susceptible to chemical insults over the years.

In the most recent years, it has been hypothesized that cadmium may affect growth and
development of fetuses and children through epigenetic reprogramming. An epigenetic
mechanism could be hypothesized to be a reason for the differences in the associations
observed between boys and girls. In fact, cadmium exposure appears to affect the epigenetic
pattern in placenta (Everson et al. 2018) and cord blood (Kippler et al. 2013) in a sexually
dimorphic way. It was seen that prenatal cadmium exposure affects DNA methylation of
imprinted genes (Paternally Expressed Gene 3 or PEG3 in girls and Maternally Expressed
Gene 3 or MEG3 in boys) in cord blood (Cowley et al. 2018; Vidal et al. 2015). Recently, it
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was observed in a subset of this mother-child cohort that maternal erythrocyte cadmium
concentrations during pregnancy were associated with changes in DNA methylation, especially
hypomethylation, which persisted from birth to 9 years of age. However, gender differences
could not be assessed because of lack of statistical power. The children’s urinary cadmium
concentrations were not found to be associated with the changes in DNA methylation in the
same regions (Gliga et al. 2022). Other modes of action can be relevant for the children’s
current exposure, as those discussed above.

5.5 TIMING OF PUBERTY ONSET

Cadmium and lead have been reported to have endocrine disrupting properties (Johnson et al.
2003; Nkomo et al. 2018; Wu et al. 2003).

Thus, in paper 111 we aimed at elucidating if cadmium and lead exposure were associated with
age at menarche, as a measure of timing of puberty onset in girls.

Girls between 12 and 15 years old were interviewed twice about their pubertal development,
with six months between follow-ups. At the first follow-up, 61% of the girls had reached
menarche, and by the second follow-up that proportion had increased to 77%. The median age
at menarche of all girls was 13.0 years (25"-75" percentile 12.4, 13.7 years) as obtained from
Kaplan-Meier analysis. Most girls assessed themselves as belonging to Tanner stage 3 of breast
development and to stage 2 or 3 of pubic hair development at the second follow-up, where
stage 1 represents the absence of any physical signs of puberty and stage 5 represents full
pubertal maturation.

5.5.1 Cadmium

We observed that the girls in the highest quartile of urinary cadmium, both at 5 and at 10 years,
reached menarche on average 2.9 and 3.8 months later, respectively, than the girls belonging
to the lowest quartile of exposure (Figure 7). However, these estimates were unadjusted, and
therefore we continued to evaluate the relationship with multivariable-adjusted Cox regression
models.
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Figure 7. Cumulative incidence of menarche by quartiles of urinary cadmium at 10 years of age.
Abbreviations: Q, quartile; U-Cd, urinary cadmium.

In Cox regression models, we found that the association between elevated urinary cadmium
during childhood and delayed menarche was statistically significant even after adjustment for
possible confounders. The girls belonging to the highest quartile of urinary cadmium at
10 years had 23% lower rate of menarche at a given age than the girls in the lowest quartile,
and very similar associations were found with urinary cadmium at 5 years. We also observed
that the girls belonging to the highest quartile of urinary cadmium at 10 years displayed less
advanced breast development at the second puberty follow-up than the girls belonging to the
lowest quartile.

The finding of delayed menarche in girls more highly exposed to cadmium went against what
we hypothesized, as cadmium has been found to have estrogen-mimicking properties both
in vivo and in vitro (Ali et al. 2010; Garcia-Morales et al. 1994; Johnson et al. 2003; Stoica et
al. 2000) and, therefore, the opposite trend could be expected. However, in accordance with
our findings, an association between urinary cadmium and delayed menarche was recently
observed in two other smaller studies. A study from Mexico (n=132), in which the girls had
approximately half the urinary cadmium concentrations as in paper I11, found an association
between the girls’ peripubertal urinary cadmium and delayed menarche (Ashrap et al. 2019).
They did not find any association between maternal exposure to cadmium during pregnancy
and age at menarche, which is consistent with our own findings. The other study included girls
in the U.S. (n=211) who had similar urinary cadmium concentrations as the girls in the
MINIMat cohort at 5 or 10 years, and they also found an association with delayed menarche,
as well as with decreased pubic hair development (Reynolds et al. 2020).

While several animal studies focusing on cadmium and reproductive maturity are available in
the literature, only a few studies have investigated the hormonal changes that are behind the
findings of either earlier or later reproductive maturity, and the results have been inconsistent.
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This could at least in part be due to the difference in doses, some have used environmentally
relevant doses while other have used very high doses, and how they administered the exposure,
either orally or through intraperitoneal injection (Johnson et al. 2003; Li et al. 2018; Saedi et
al. 2020; Salvatori et al. 2004; Samuel et al. 2011). While some experimental studies have
observed a decrease in sex steroids in rodents exposed to cadmium (Saedi et al. 2020; Samuel
et al. 2011; Zhang et al. 2008), another study found an activation of steroidogenesis and
increased serum estradiol and progesterone (Li et al. 2018).

At the onset of puberty, the hormonal cascade which is started by the activation of the HPG
axis leads to a surge in circulating estrogen concentrations, of which estradiol is the main one
(Pinilla et al. 2012). The hormone estrogen is important for both the formation of bone tissue
during puberty and the maintenance of bone mass during adulthood. Studies in rodents have
shown that the estrogen receptor o (ERa), which is expressed in bone tissue and activated by
estrogen, promotes the apoptosis of osteoclasts and acts as antiapoptotic on osteoblasts
(Almeida et al. 2013; Nakamura et al. 2007). ERa modulates osteoclastic activity by
suppressing the expression of RANKL in bone lining cells, where bone remodeling occurs
(Streicher et al. 2017).

Thus, it could be hypothesized that a delay in the estrogen surge during adolescence, when
most adult bone mass is achieved (Kralick and Zemel 2020), could be detrimental to bone
accrual and could lead to a lower peak bone mass. Indeed, a large longitudinal study in U.K.
following girls (n=3196) from 10 to 25 years of age found that later onset of puberty was
associated with lower bone mineral density and bone mineral content during the entire follow-
up time. While girls who entered puberty later did have a catch-up period of gain in bone
mineral content, they still had lower bone mineral density and bone mineral content at 25 years
than girls who entered puberty earlier (Elhakeem et al. 2019). Indeed, later age at menarche
has been found to be associated with an increased risk of osteoporosis (Bonjour and Chevalley
2014), and a study using Mendelian randomization demonstrated that it may have a causal role
in its etiology (Q Zhang et al. 2018).

Therefore, endocrine disruption leading to later puberty onset may be a mode of action through
which cadmium exerts its toxic effect on bone observed in adulthood, independently from its
possible effects on bone remodeling. In fact, it could be speculated that the association between
girls’ cadmium exposure at 10 years and later menarche is independent from the associations
observed between children’s concurrent cadmium exposure on bone-related biomarkers and
growth reported in papers I-11. The latter outcomes were found to occur predominantly in
boys, and while stunting during childhood has been linked to delayed pubertal development in
this cohort (Svefors et al. 2020), we did not see any evidence of stunting by cadmium in the
girls in paper 11. Also, we found that the results were unchanged (only 1% change in the hazard
ratio) when we adjusted the Cox regression models of girls’ cadmium exposure at 10 years and
age at menarche for stunting at 4.5 years in sensitivity analysis.

In paper 111, we only studied the onset of female puberty. However, there are also studies
which have indicated that cadmium exposure could affect male pubertal development, and act
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in an anti-androgenic manner. A study of Flemish male adolescents found that urinary
cadmium concentrations were inversely associated with testosterone levels (Dhooge et al.
2011). Another study of Italian boys between 12 and 14 years old found an association between
urinary cadmium and lower testicular volume and testosterone levels (Interdonato et al. 2015).
Unfortunately, we did not have data on testicular volume or testosterone levels for the boys of
the mother-child cohort at the puberty follow-up between 12 and 15 years of age. We had data
on the timing of their growth spurt, which is a measure of puberty onset, but it was available
for only a portion of the boys (n=420) (Svefors et al. 2020). Of the boys who had data on
pubertal growth spurt, only about 250 had data on metal exposure assessment at 10 years of
age, and it was deemed to be a too small sample size to assess this outcome.

5.5.2 Lead and arsenic

Previous literature, consisting mainly of cross-sectional studies, has repeatedly reported an
association between prenatal and childhood lead exposure and delayed menarche (Jansen et al.
2018; Liu et al. 2019; Selevan et al. 2003; Wu et al. 2003). The only large (n=918) longitudinal
study available, conducted in the U.K., found no association between prenatal lead exposure
and age at menarche (Maisonet et al. 2014). Elevated blood lead concentrations at birth and
during childhood have also been associated with delayed puberty in boys in longitudinal studies
from South Africa (n=732 boys) (Nkomo et al. 2018) and Russia (n=481) (Williams et al.
2019).

In the Kaplan-Meier analyses, we observed that girls belonging to the highest quartile of
urinary lead at 5 and 10 years reached menarche 2.2 and 3.0 months earlier, respectively, than
the girls belonging to the lowest exposure quartile.

When we used Cox regression models, we could not observe an association with urinary lead
at 5 years, but we did find an association between urinary lead at 10 years and earlier menarche.
After adjustments, although the confidence interval included 1.00, the hazard ratio remained
similar to the one in unadjusted models. Girls in the highest exposure quartile had a 23% higher
rate of menarche than the girls in the lowest quartile of urinary lead at 10 years. The same girls
also had more advanced breast development at the second puberty follow-up.

This finding should, however, be interpreted with caution as we cannot exclude that the
association of increased urinary lead and earlier menarche could be a result of reverse causality.
Rapid growth is upregulated in puberty, and it happens also before the event of menarche
(Wood et al. 2019). The process of bone remodeling during growth might cause the
displacement of lead which has been stored in bone tissue, thus increasing its urinary
concentrations. It can be hypothesized that the girls who reached menarche earlier and had a
more advance pubertal development between 12 and 15 years had already entered the pubertal
growth spurt at the time of the latest exposure assessment at 10 years. This hypothesis is
consistent with the fact that there was no association between urinary lead at 5 years and age
at menarche.
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As previously mentioned, the concentration of lead in urine is not an optimal biomarker of lead
exposure due to its rapid excretion from plasma. However, higher uncertainty in the exposure
assessment should have biased the results towards the null. More longitudinal studies with
exposure assessment in blood or erythrocytes are needed to further evaluate the association
between lead exposure and timing of puberty onset.

In the girls included in paper Ill, it was recently discovered that elevated arsenic
concentrations in drinking water consumed by mothers during pregnancy were associated with
delayed menarche in the daughters (Rahman et al. 2021). Therefore, we adjusted all models for
arsenic exposure, measured in the mothers’ erythrocytes during pregnancy in models of
prenatal exposure and in urine at 5 and 10 years in models of childhood exposure. In accordance
with the previous results (Rahman et al. 2021), maternal erythrocyte arsenic concentrations in
early pregnancy were associated with delayed menarche (Table 5). Urinary arsenic
concentrations at 5 or 10 years were not associated with age at menarche. This could possibly
be the consequence of a programming effect by arsenic during fetal life, independent of the
children’s exposure later in childhood.

Table 5. Results of Cox regression models of girls’ early-life arsenic exposure (maternal
erythrocytes during pregnancy and girls’ urinary concentrations during childhood) and age at
menarche.

Arsenic exposure biomarker  HR (95% CI)! p-value
Erythrocyte As GW14 (n=771)
Quiartile 1 1.00
Quartile 2 0.93 (0.74; 1.17) 0.55
Quartile 3 0.95 (0.76; 1.19) 0.66
Quartile 4 0.79 (0.62; 0.99) 0.043
Urinary As 5y (n=750)
Quiartile 1 1.00
Quartile 2 0.89 (0.70; 1.13) 0.33
Quartile 3 0.68 (1.10) 0.23
Quartile 4 0.89 (0.70; 1.12) 0.31
Urinary As 10y (n=745)
Quiartile 1 1.00
Quartile 2 1.14 (0.90; 1.44) 0.29
Quartile 3 1.16 (0.91; 1.48) 0.22
Quartile 4 1.07 (0.84; 1.36) 0.58

Abbreviations: HR, hazard ratio; CI, confidence interval; As, arsenic; GW, gestational week.
Models adjusted for age, household’s socioeconomic status, maternal body mass index, and
maternal education at enrollment, and quartiles of cadmium and lead exposure at the respective time
points.

5.6 METHODOLOGICAL CONSIDERATIONS

A known limitation of observational studies is that it is hard to infer causality, as it is difficult
to control for all confounders, that are often unmeasured. However, an important strength of
the studies included in this thesis was the prospective design, which is especially valuable when
trying to assess causality. While outcomes included in papers I-11 were measured at the same
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time as the most recent exposure assessment, we also assessed maternal exposure during
pregnancy and the children’s exposure at 4.5 years (paper 1). The outcome in paper 111 was
measured a few years after the most recent exposure assessment at 10 years. However, we
speculated that the association between urinary lead and earlier menarche may be explained by
reverse causation. This was due to the specific timing of the exposure assessment at 10 years,
and the fact that urinary lead is known to increase at times of increased bone remodeling.

Another advantage was the availability of individual exposure assessment with biomarkers
reflecting the internal dose, measured through a sensitive analytical method. This limited the
risk for exposure misclassification, especially for urinary cadmium, due to its long half-life.
Nevertheless, while we are confident about the analytical quality of the measurements of
urinary lead and arsenic, the biomarkers are prone to day-to-day variation, as previously
mentioned. However, if the exposure assessment of lead and arsenic in urine does not
accurately reflect the internal dose, it should be expected that the error would be non-
differential, which would make it harder to reject the null hypothesis.

The outcomes which were included in papers I-11 were measured by trained personnel (weight
and height) and bone-related biomarkers analyzed in blood and urine with good analytical
performance (details found in paper I). The main outcome of paper 111 was age at menarche,
which was calculated from the recalled date at the event and the girl’s birthday. Menarche is a
significant milestone for girls, who were also helped by their mothers and a calendar to point
out the date, and the median recall time was short, 0.8 years. Therefore, we are confident about
the minimal risk for outcome misclassification. However, the Tanner developmental stages in
paper 111 were self-assessed, and therefore their validity may be lower. For this reason, we
decided to interpret those results more cautiously, and to mainly compare them to the
associations found between metal exposure and age at menarche.

A way to reduce random errors and to increase sensitivity is to have a large sample size. The
papers included in this thesis had a large sample size, especially paper 11 (n=1530) and paper
111 (n=935). Indeed, it could be observed how increasing the sample size from paper | (n=504)
to paper Il resulted in narrower confidence intervals in the association between the children’s
concurrent urinary cadmium and WAZ at 9 and 10 years of age.

Selection bias was not deemed to be a large problem in these studies. The eligibility criteria to
participate in MINIMat were few, so the study sample reflected the population in Matlab. The
participation rate was high and the lost-to-follow-up low, especially for studies with such a
long follow-up time. In each paper, a comparison was made between the mother-child dyads
that were included and excluded, considering background characteristics, and exposure levels
and outcomes when possible. The differences that were found were very small and unlikely to
be of biological relevance.

Although we performed many statistical tests, we did not adjust for multiple testing in any of
the papers. A reason for this is that the outcomes and the exposure biomarkers were not
independent from each other. Correction for multiple testing would have introduced an
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increased risk of type Il error, i.e. an incorrect acceptance of the null hypothesis. The
associations observed throughout the papers were also assessed for consistency and robustness,
for example if they were consistent over time, if they were similar when using different
exposure biomarkers of the same metal (if available), and if they displayed a biologically
reasonable dose-response curve.

As in all observational studies, we cannot exclude that there was some unmeasured
confounding by factors associated with both the metal exposure and the outcomes. While all
pregnant mothers enrolled in MINIMat were non-smokers and did not drink alcohol, we did
not have information about the smoking habits of other members of the household, or about
indoor cooking. Another potential confounder is the nutritional status and the dietary intake of
the children. In paper I, we adjusted all models for the children’s hemoglobin concentration.
However, this was not available in papers 11-111, and we could not adjust the models for WAZ
or HAZ, which are otherwise used as markers of current and chronic nutrition status, as they
were the outcomes of interest (paper I1) or a consequence of the outcome (paper 111, as
pubertal development is a driver of growth).

5.7 GENERALIZABILITY

The studies included in this thesis were conducted in a study area where malnutrition is very
common. Indeed, at 10 years of age, 42% of the children were underweight and 28% were
stunted, while less than 1% were overweight according to international growth standards from
the WHO (paper 11), thus having a very different nutritional status compared to children living
in high-income societies. Moreover, many of the participating mothers and children consumed
a diet which was mainly based on rice, and they were exposed to elevated arsenic
concentrations in the drinking water.

However, millions of people rely on a rice-based diet, especially in Asia, and 140 million
people around the world are exposed to arsenic in drinking water at higher concentrations than
the WHO criteria of 10 pg/L (Ravenscroft 2009). Therefore, the metal exposure reported in
this study population is a reality for many. In addition, the ranges of cadmium, lead and arsenic
exposure described in these studies are wide and span the environmental exposure levels
reported by many other studies, both in populations living in background level exposure areas
and in contaminated sites.
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6 CONCLUSIONS

This thesis provides evidence that early-life cadmium exposure can play a role in children’s
growth and pubertal development, which has the potential to affect their future health.
Boys and girls seem to have different windows of susceptibility for different health effects.
The variety of indicated toxic effects of cadmium and the change in susceptibility between
genders over time suggest that several different modes of action are involved.

Specifically, we can conclude that:

e Cadmium, linked to bone toxicity in adults, appears to affect bone remodeling already
in pre-pubertal children, possibly by disrupting feedback mechanisms between bone
resorption and formation especially in boys.

e Childhood exposure to cadmium was associated with lower vitamin D levels, a
hormone important for calcium homeostasis, bone mineralization as well as for immune
function.

e Exposure to cadmium during childhood was associated with lower weight and stature
at 10 years, possibly mediated through IGF-1. It appeared as if the inverse association
between childhood cadmium exposure and WAZ was independent of the suggested
effects on bone.

e Boys appeared to be more susceptible to cadmium exposure at school-age in regards to
growth, while girls have been found to be more susceptible in infancy and early
childhood.

e Cadmium exposure was associated with delayed puberty in girls, likely through
endocrine disruption and independently from the putative effect of cadmium on bone
remodeling and growth.

e In boys, increasing exposure to lead was associated with lower weight and stature at
10 years.

e Despite the elevated exposure levels from drinking water and rice, arsenic exposure
was not associated with child anthropometry at 10 years.

The effect coefficients of the reported associations were small. However, many millions of
children are exposed to these metals at similar levels. This makes even small effects a public
health concern, especially for children growing up with malnutrition and unfavorable
conditions, who may be more susceptible to toxic insults.
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7/ FUTURE PERSPECTIVES

The studies in this thesis add evidence for early-life cadmium exposure being an influential
factor in children’s growth and pubertal development. However, many questions remain, and
these aspects should be elucidated in particular:

Whether the changes in bone-related biomarkers we observed here in pre-pubertal
children actually result in functional changes in bone health at maturity, for example
peak bone mass, which could be predictive of future disease.

If the associations with decreased growth during infancy and childhood persist also
during adolescence, and if they result in a lower final weight and height at adulthood.

Gender differences in susceptibility to cadmium and lead during adolescence.

The molecular mechanisms of the gender differences in susceptibility, and how they
may change over the course of childhood, possibly through epigenetic effects.

How hormones related to growth, bone health and puberty are affected by cadmium
and lead exposure during puberty, in both boys and girls.

If cadmium, lead, and arsenic impact the timing of onset of male puberty.

If the associations found in these studies are observed also in other populations where
malnutrition is not as widespread.

An update to the risk assessment of cadmium, taking possible effects on children’s
health into account.
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