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ABSTRACT

Background: Oruro is a mining city in the Bolivian highlands.
Most of its citizens are exposed to polymetallicldails. This
study aims to determine whether the neuropsychcdbgi
development of one year-old children can be astatisvith 1)
polymetalic exposures and/or 2) growth patterns.

Methods: The thesis builds from data collected by the TalxB
multidisciplinary project. The health task was cedton the follow-
up of a birth cohort that set to evaluate childedegment. Children
were examined at 11 and 12 months of age usin@ayéey Scale
of Infant Development (BSID).

Results 1) Analyses revealed no high concentrations ofafean
the blood of pregnant women. 2) No neuropsycholdganomalies
were observed in association with metal concewinatior growth
patterns. 3) A positive association was observediden low lead
values in blood and the neuropsychological devetypmof
children. 4) During the first 6 months of life, gvth rate was
negatively associated with weight at birth and {posly associated
with the BMI at 12 months of age.

Conclusiont Although heavy metallic pollution was demonstdate
by environmental studies, unexpected low levelgxqgfosure were
registered from pregnant women. Neither the levetxposure to
metals nor the growth patterns appear to have aadmon child
neuropsychological development. We argue that tsitipe effect
that was observed in association to lead mightadoused by factors

such as diet.



RESUMEN

Antecedentes:Oruro es una ciudad minera del altiplano boliviano
Muchos de sus habitantes estan expuestos a un péliteetalico.

El objetivo principal es el de determinar si exisha asociacion
entre desarrollo neuropsicolégico de los nifios deaio y 1) la
exposicion polimetalica y/o 2) los patrones deionéento.

Métodos: Esta tesis esta basada en los datos recogid&salalcto
multidisciplinario ToxBol. Se realiz6 el seguimierde una cohorte
de niflos para evaluar su desarrollo. Para evaluategarrollo
neuropsicolégico de los nifios se utilizaron laskescde Bayley de
desarrollo infantil (BSID).

Resultados:1) No se observaron altas concentraciones de esetal
en sangre de las mujeres embarazadas. 2) No sevalose
anormalidades neuropsicolégicas en relacion corcesdraciones
de metales o patrones de crecimiento. 3) Se obsgra@sociacion
positiva entre exposiciones bajas de plomo y etadello
neuropsicolégico del nifio al afio de vida. 4) Laovelad de
crecimiento, desde el nacimiento hasta los 6 mesesasocio
negativamente con el peso al nacer y positivameorieel BMI a
los 12 meses.

Conclusion: A diferencia de lo demostrado en otros estudios
epidemiolégicos, se observo una inesperada bajasexgn. No se
observé una relacion entre el grado de exposicioretales- o los
patrones de crecimiento -y el desarrollo neuropdigoo del nifio.

El efecto positivo del plomo creemos que se deb&as factores

como la dieta.



RESUM

Antecedents: Oruro es una ciutat minera del altipla Bolivia. La
poblaci6 es troba es contacte amb fonts de congidim
polimetalica. L'objectiu principal es el de detenaui si existeix una
associacio entre el desenvolupament neuropsicotiggcnens d’un
any i 1) la exposicié polimetalica i/o 2) patroressateixement.
Métodes: Esta tesi esta basada en dades del Projecte
multidisciplinari ToxBol. La tasca de salut es e@antrar en el
seguiment del desenvolupament d'una cohort de néiis.
desenvolupament neuropsicologic infantil es va waralamb les
escales de Baley de Desenvolupament infantil (BSID)
Resultats: 1) No es van observar concentracions altes dellmeta
sang de les dones embarassades. 2) No es va ohseovmalitats
neuropsicologigues en realcié amb les concentraadilenmetalls o
patrons de creixement. 3) Es va observar una assogpositiva
entre concentracions baixes de plom en sang isgndelupament
neuropsicologic dels nens d’'un any. 4) La veloditcreixement,
des del naixement fins els 6 mesos, es va assoegativament
amb el pes al néixer i positivament amb el BMIl#anesos.
Conclusio: A diferencia del que esperavem, es van registaixeb
concentracions de metalls a les dones embarassadespoc
s’observa una relacio entre el grau d’exposicioedalts, o patrons
de creixement, i el desenvolupament neuropsicoldgicnens. El
efecte positiu que observem del plom, pensem quizesa altres

factors com la dieta.
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PREFACE

This thesis is the result of extensive fieldworkBolivia, further
analysis in Spain, and additional writing and reslean Canada.
Fieldwork was conducted under the auspices of tistitit de
recherche pour le Development (IRD) during two geiarLa Paz
and Oruro, Bolivia (2007-2009). The ToxBol projétoxicidad en
Bolivia/Toxicity in Bolivia), emerged out of thisvb-year fieldwork
research, and so did the health subpropcte Nifia Fieldwork
was conducted under the supervision of Dr Jacquasdda.
Funding for this fieldwork was appreciated by IRDdahe Agence
Nationale de la Recherche (ANR, France). Work iraipvas
conducted at the Centre for Epidemiological Resear@arcelona
(CREAL) under the supervision of Dr Jordi Sunyef(2-2011).
Funding in Spain was appreciated by the IMIM Fouioaa full
doctoral scholarship programme. Final writing aedising were
done in Quebec, Canada, while completing a resessbciateship
at the Department of Psychology of the Universig&dl. During
this associateship, | was offered the opporturatga fieldwork in
three communities situated in the Nunavik regionpast of a
research project focusing on Inuit communities, ltheaand
education (Inujkuak, Kuujjuarapik, and Kangigsuglag). This
experience allowed me to engage in matters of child
neuropsychological development in Quebec’s Greati\and thus
engage in comparative studies (i.e., public heatid infant

neuropsychological development in Quebec and Orufahding
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for this fieldwork was appreciated Centre de recherdu CHUQ
(CRCHUQ).

This doctoral work is presented following the “tisesby

publication” normative as established and defingdhe Doctoral
programme in Biomedicine at the Department of Expental

Science and Health, Universitat Pompeu Fabra. fibgig includes
an abstract, an introduction outlining the thesistification,

objectives, methods, and results, copies of twiclast submitted to
international peer review journals (one is alrepdplished and the
other is under review; the present Ph.D. candigatead author in
both papers), together with a discussion, and bBobifaphy. Both

articles draw from the ToxBol project. The presgnttoral thesis is
presented as part of larger study lead and sulesidiy the IRD and
the ANR, France.

A part of the present doctoral project was seletdeztbmpete in the
Rolex Awards for Enterprise 2010 Young LaureatesgRamme.
The project was shortlisted (out of 200 competingjgrts) by an
international committee and | was invited to présein Rome in
Novermber 2009. Included with this thesis is theea of my
project entitled Contaminated Environments, Ailing Children: on
the contaminated environment of a mining city idi\B® and its

direct effects of child developme(gee enclosed CD).

The contributions of the present Ph.D. candidatehim articles
discussed and presented in this thesis includemitéeng of the
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articles, fieldwork in Bolivia, statistical analgsi and
bibliographical review.
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1. INTRODUCTION

1.1  Oruro: A mining city in the Bolivian highlands

Oruro (17° 58S—-67° 06 W) is one of the largest mining cities in
Bolivia. The city is located in the Andean flat hignds (also
known as Altiplano), at an altitude of ~3700 mlg.and about 300
km south of La PagFig. 1). Living conditions at high altitude are
challenging with an arid, cold and windy climateridg the winter
months (June to September) and heavy rains duhagstimmer

(December to March).
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Fig. 1 Map of Bolivia (Nathan, 2008)



The Bolivian economy relies in great part on theleiation and
exportation of natural resources (Smolders e2@D3; Van Damme
et al., 2008). Oruro is particularly rich in polytakic ore deposits
such as Ag, Cu, Pb, Sn, and Zn. An increase indgmaand in
minerals in the last two decades has contributederopening (and
reopening) of many mining industries in Bolivia.d&y, the mining
industry in Bolivia is operating at full capacity. 2008, the mineral
production in Oruro registered a record extractmoduction of
30000 tons of Zn, 10 000 of Sn, 2 500 of Pb, 508mfand 130 of
Ag and W (Instituto Nacional de Estadistica, 2010)ith little

efforts deployed to the safeguard of the environimigre Bolivian

mining industry now registers an alarmingly highvieosnmental

impact. Safety measures are also often rudimenitagpite of these
issues, the Bolivian mining industry remains anamg@nt source of

employment and as such a main player in the Ahiplaconomy.

The main Oruro mines af®an JosgColoradg andltos. Except for
a brief period between the mid-1980s and the €#180s, San José
has been extracting minerals for over 400 years. City also hosts

the largest smelter complex in the country.



Fig. 2Mining acid drainage and households on mining v&&t€oxBol Team

The environmental contamination in Oruro is a camplssue,
counting several important sources of contaminatiwat directly
affect the local populatio(Fig. 2). In addition to the contamination
associated to the city mines (extraction processeselting,
transformation, and transport), other types of @ommhants are to be
taken into account such as those generated by textille, ceramic
and steel industries (Goix et al., 2011, Goix, J0Fg. 3). The
mines ofSan Josénd Itos form the main mining area of Oruro,
situated on the northeast and southwest of the wgpectively.
Chemical and steel industries also operate withis mining area.

The city centre encompasses a small but highly eleesidential



district together with an assortment of commeraiadlustrial and
craft productions. The eastern area of the cityuohes the three
industrialized districts where most of the smeltimgfivities take
place, including thd=undicion de Vinto- the most important tin

smelting industry in Bolivia (Goix et al., 2011).
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- Voie ferrée

Activités liées & mine

] Commerce
de minerais

Industrie chimique

@  Transformation
de minerais
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Fig. 3Representation of the most important industrieSriaro (Goix, 2012).

The presence of important mining wastes, smeltedsoae dressing
industries makes Oruro comparable to La Oroya (Pene of the
most contaminated cities in the world (Fraser, 2Q0®9). Many
Oruro families live in close proximity to the cityines with very
little, if any, awareness of the possible heal#ksiassociated to

prolonged exposure of environmental contaminantst to the



authorities have the proper knowledge to be abledéwelop
efficient tools to educate local populations (Taptaal. 2010).
Fortunately, both the local populations and thehauities have
begun to express some concerns. All agree thatigh& urgent
problem for many more families around the globeefamilar

environmental risks.

1.2 Demography and Sanitation

Oruro has a population of ~220000 residents. Wompnpulation
structure is expansive, emphasising a wide basehpg. It is also
a young population, counting 36% under the ages5ofAbout 20%
of women are within reproductive age. The fertiligte is high,
registering an average of 3.6 children per women 2008
(MEASURE, 2008).

The nutritional situation is also of central concefhe prevalence
of health and malnutrition problems is high, andremore so if we
compare with the situation in developed countrdegording to the
strategic plan published by the OPS (OrganizacemaRfericana de
la Salud) for the 2003-2007 period, Bolivia is @dan the ‘priority
list based on the fact that is sanitary resultsehbeen deemed
inadmissible by the member states of the OPS (PAB@L1).
Although percentages have reduced in the pastrs,yemlnutrition
in Bolivia (based on 5yr-old children) reach 27%cading the
WHO — amongst the highest in Latin America. WitBialivia, the
highlands register the highest percentages of rréion (30 to
44%). Nearly 8% of the highland population showsgese delayed



growth patterns while acute malnutrition and globalnutrition
represent 1% and 4%, respectively. 12% of womeimdivn the
highlands have a height inferior to 145cm (whichusually an
indication of nutritional and obstetric risks), ad8% of women

suffer from a type of anaemia.

Anaemia in children (severe, moderate, or minoaches 73% in
Bolivia, while the child mortality rate is the sexbhighest in the
Americas (50 per 1000 in 2008) after Haifaple. 1). Based on a
study conducted by the OPS in 2001, high neonatataiity rates
in Bolivia were associated with a high prevalenoe ihfectious
diseases (32%), disorders related to prematuritylew weight at
birth (30%), together with respiratory disorderdated to the
perinatal phase (22%) (PAHO, 2007). In the Orurgiae,

specifically, child mortality reaches 56 per 100@ilst perinatal
mortality is maintained roughly at 31 per 1000. Aiddally, the

incidence of long-term chronic diseases such asigbhaliabetes,
and cardiovascular diseases are also increasingzd@ieto, FJA.
et al.,, 2004, 2009; Pérez-Cueto, A. et al., 2008).2008, the
proportion of overweight or obese women had in@éds the point
of reaching 50%. The health situation in Boliviaalso particularly
challenging because of the coexistence of both rgéned

malnutrition and sedentary lifestyle diseases (Relea et al., 2003;
De Onis et al., 2000; Morales et al., 2004).



Mortalidad  Mortalidad

Pais infantil en la nifier
Haiti 2000 80 119
Haiti 199495 74 131
Bolivia 2008 20 63
Bolivia 2003 54 75
Bolivia 1998 67 02
Guatemala 1998-99 45 50
Guatemala 19935 51 68
Peri 2004-06 21 29
Peri 2000 33 47
Pera 1996 43 50
Honduras 2005-06 25 32
Honduras 2001 34 45
Nicaragua 2001 3l 40
Nicaragua 1998 40 50
Brasil 1996 39 49
Bepiblica Dominicana 2007 32 36
Bepiblica Dominicana 2002 31 38
Republica Dominicana 1996 47 57
Colombia 2005 19 22
Colombia 2000 21 25
Colombia 1995 28 36

Table 1Child and infant mortality rates in Latin Americaauntries
(MEASURE, 2008)

1.3 Mining pollution and human toxic metals
Exposure

The Bolivian mining industry exploits and exportgraat variety of
metal resources such as tin, antimony, coppersdwer (Smolders
et al.,, 2003; Van Damme et al.,, 2008). Accordingtiie EPA
(Environmental Protection Agency), metals have ueiq
characteristics. 1) They are found naturally and different
concentrations. 2) All environmental media have urally
occurring mixtures of metals, and metals are oftéroduced into
the environment as mixtures. 3) Some metals aengakto human
biology. 4) The environmental chemistry of metalgorsgly

influences their fate and effects on human andogpcdl receptors.



5) Each metal has a toxicokinetic and a toxicodyiodhat depends
on the type of compound and the capacity of theosgg organism
to regulate or store it (EPA, 2007).

Metals can be classified into three groups dependirtheir impact
on health (Goyer, 2004): nutritionally essentialg(ecobalt, iron,
copper, zinc), non-essential with a possible berafeffect at low
levels of exposure (e.g., nickel, boron), or noseasial with no
beneficial effects (e.g., arsenic, lead, silverinoaum, antimony,
aluminium, mercury). The latter group is the moangkrous for
human health and the environment, especially whbe t
concentration of the exposure is high and/or clzofioxicity
associated to non-essential metals includes neagiolo
cardiovascular, hematological, gastrointestinal, scaloskeletal,

immunological, and epidermal effects (EPA, 2007).

Mining industries located in close proximity to arb populations
increase the human exposure to non-essential camdpoand the
probability of toxic effects on human health (Haleral., 2008; Liu

et al., 2005; Moreno et al., 2010; Rojas et alQ7)0Exposure to
metals usually results from: inhalation of the aemibi air

(suspended particles), diet, contaminated watein stontact

(although usually of limited impact) or through taminated soil.

The effects of the exposure varies according ttofacsuch as age
(children as opposed to adults), life stage, litgles gender,

nutritional status, genetic variability (polymorphi) and

preexisting underlying diseases (Fraser, 2009; G&@H4).



Children may be more vulnerable than adults to storeants. A
child’s exposure to chemicals can be different, aftén greater,
than that of an adult. The difference in expossmaostly explained
by differences in behaviour, diet, as well as meliab and

physiologic characteristics. Behaviour patterngaase the risk of
exposure. A typical hand-to-mouth action is suclvedavioural
pattern where hands that might have touched contarts in the
soil are often left unwashed. Children also eatlgrand breathe
more air everyday than adults in terms of body/Wergtio. Finally,

the metabolic pathways of children are at an imneastage which
means that they are necessarily more exposed tedpliepared to
withstand the effects of a toxic agent (Landriganak, 2004;

Faustman et al., 2000). Alterations in the earbgss of life also
imply more time for chronic diseases to increasefatt, exposure
to metals such as lead, arsenic, and methylmewuning the first
stages of development can have severe effects asicterebral
damage; whereas a similar exposure on an adultdwaae little to
no effect (Grandjean and Landrigan, 2006). Themi@ksources of
contamination and how they affect the health of ngpwhildren,

specifically, are therefore of central importance the field of

epidemiology.

1.4 Lead: its effects on health

Lead contamination is one kind of exposure whotecef are most
damaging for human health (with As, Hg and Cd). &ype to lead
remains one of the most researched topics bothomtegts of



developing and developed countries — although thghest
contamination levels to lead and the fewest prevenmneasures
have been registered in developing countries (Dguodr-Cortinas
et al.,, 2012; Acosta-Saavedra et al.,, 2011; Riddelnl., 2007;
Jacoby, 1998; Astete et al., 2009; Conklin et2007; Pebe et al.,
2008). Like other types of metals, lead is foundtsnnatural state
often in combination with other minerals and inagnga salts
(Goyer, 2004). Lead enters the organism mostlyuidinahe process
of inhaling trace metal particles as well as waded/or food
ingestion. Once having reached the lungs, leakles tistributed in
other parts of the body (through the blood streavhjch can
potentially generate serious effects on adult he@ematological,
gastrointestinal, cardiovascular, renal, neurolalgiceproductive),
and most especially in the health of children, udahg anaemia,
renal alterations, neurological development, lowghtat birth or
delayed growth (EPA, 2007). The level of toxicitydathe effects
associated to lead depend on a number of factorkidimg
concentration, time of exposure, and/or the ageaBse of their
different absorption rates the various forms ofll@ga minerals are
known to condition the hazard for humans. In sotndies a direct
association in blood lead levels was related tamgipollution and
dust exposure (Gulson et al., 1994; Malcoe e802). Yet, other
studies found no association between soil lead exdration and
blood lead levels in people living in a pollutednmig context
(Danse et al., 1995; Berglund et al., 2000). Arhigl treasons for the
absence of such associations is the metal low hitzdbility
registered in some studies (Davis et al., 1993).

10



While the risks associated to lead exposure are r@ter
recognized, it is not so long ago that high leadcentration
products were used on a daily basis such as ceyjaés of paints,
ceramics, and gasoline. The use of such products heavily
criticized in various studies in epidemiology. Altigh discontinued
in most parts of the world, lead-based productsareraommonly
used in some countries (Rubin et al., 2002; Su..e2@02).Studies
continue to identify and demonstrate the importaésks associated
to various kinds of environmental contaminants, neva low
concentrations (Needleman, 2004; Needleman €2@04). In fact,
the limit at which lead is considered toxic hasrbéawvered on
various occasions by international health orgamwmat For
instance, in 1971 lead was considered toxic beyted40 pg/dl
mark. Two decades later, in 1991, the limit wasdosd at 1Qg/dl
(Center for Disease Control, 1991).

Whereas most studies focus on the neurotoxic sffettlead,
important also are other recorded adverse effddad toxicity on
growth, the immune system, and pregnancy (Grandjead
Landrigan, 2006). Lead exposure also significamtigrupts the
development of the nervous system throughout chddhand alters
cellular differentiation, myelinisation, and therdmation of the
synapses between neurons (Philip et al., 2004;nalfand Petit,
1982; Mendola et al., 2002; Johnston and Goldsf€l@8). Recent
studies in epidemiology now even show the adveffeets on child
neurodevelopment of lead exposures at values belOug/dl
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(Bellinger, 2008; Needleman, 1991; Kordasa et24l06; Lanphear
et al., 2005; Surkan et al., 2007; Jedrychowskialket 2007,
Canfield et al., 2003) Fig. 4.

The toxic effects from lead exposure are of spempaicern during
pregnancy. Toxicity can reach beyond the placergaidy and
affect the neurosystem of the foetus. Studies hstvewn that
pregnant women with a previous prolonged exposariead are
most susceptible to expose the foetus to leaditgxithis is due to
a release of accumulated lead particles in borgs,raferred to as
“skeletal lead stones” (Wigle et al., 2007; Gulsenal., 1997;
Miranda et al., 2010). Jedrychowski et al. (20@)en et al. (1998),
and Tellez-Rojo et al. (2006) all reported the oé&wxic impact of
prenatal lead exposure on young children, evereat ow levels.
Hu et al. (2006) also confirmed the adverse effeftfoetal lead
exposure during the first trimester of pregnancy omental
development at 24 months of age. Plusquellec é2@07) observed
a negative effect of blood lead levels on languagemory, fine
motility, and certain aspects of behaviour (Pludigueet al., 2007).
Amongst the reported negative effects on child ogevelopment,
both prenatal and postnatal exposures includedtiection of the
IQ values, learning difficulties, mental disordeastention deficit
hyperactivity disorder (ADHD), and antisocial belwawr (Bellinger
et al., 1987; Needleman, 1990; Nevin, 2000). Howerasults are
less evident in cases where samples were taken @ifdren
younger than 12 months of age (Jedrychowski et 2009;
Bellinger, 2008a). This is partly due to the fahattit is very
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difficult to 1) have access to direct samples (éobpod) from new
born babies (e.g., refusal from mothers) and 2gvaluate the
damages that occur at such an early stage of dawelat (Counter
et al., 2000; Counter et al., 1998).

—=—Encephalopathy
-=—Nephropathy
~=—Frank anemia

~—Colic

~=—Decreased hemoglobin synthesis

—=—Increased vitamin D metabolism
Increased risk of hypertension in adulthood

~=—Increased nerve conduction velocity

~—Increased level of erythrocyte protoporphyrin
~=—Decreased vitamin D metabolism
~+—Decreased calcium homeostasis

ll:!?(ﬂ -=—Developmental toxicity
Decreased IQ level

Decreased hearing

Decreased growth

Impaired peripheral nerve function

Transplacental transfer

Fig. 4 Effects of inorganic leadif/dL) exposure in children. (Bellinger and
Bellinger, 2006).

1.5 Child Neurophysiological Development

Child neuropsychological development can be aftebiea number
of environmental, genetic, and social factors. Tin@est common
environmental factors include chemical compounda$ sas metals,
solvents, and pesticides (Grandjean and Landrig@06). High
toxicity metals include lead, arsenic, and methylerecary
(Landrigan et al., 2004). Metals that reach thecqaiéa barrier
during pregnancy (the placenta is not an effeqgbigsical barrier)

expose the foetus to a number of toxic effects @ksen et al.,
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2000). Important also is that the “blood-brain &frdoes not fully
form until a few months after birth. Prior to thisne the brain
remains exposed and vulnerable to toxic agentsn@iii 1985;
Saunders, 1986). There also remains the possitilétly neurotoxic
compounds can be secreted during lactation (Andessal., 2000;
Michaelsen, 2009); although the long-term positiefects of
lactation on neurodevelopment will often compengh&e negative

effects of the exposure (Ribas-Fito et al., 2003).

The development of the nervous system is a comaheklengthy
process encompassing different stages of develdptheing the
lifespan of an individual Rodier, 1995; Rice et al., 2000
Throughout the crucial periods of development (efg@etus
development and infancy), the nervous system ist malserable
and thus more susceptible to toxic exposures; @isdduring those
periods that exposures can cause permanent damedgeregative
impact of adult life (Grandjean and Landrigan, 2006is precisely
because of the fact that new born babies are maireerable by
toxic contaminants that studies like the preseesithare necessary

in order to understand the neurological system.

In addition to the known neurotoxicity caused byirtical agents,
other factors can have a negative effect on theeldpment of a
child. Precarious living conditions, malnutritiorgnd a high
prevalence of infectious diseases are such factord; these are
commonly found amongst vulnerable child populatians the

Bolivian highlands (MEASURE, 2008).
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1.6 ToxBol Project

Toxbol is a multidisciplinary project encompassiggochemists,
medical doctors, epidemiologists, geographers, asodologists
affiliated with thelnstitut de recherche pour le développem@RD
France-Bolivie) and th&lniversidad Mayor de San Andr@sa Paz,
Bolivia). The aim of the project is to study thegan and impact of
polymetallic contamination on the environment, beahnd society
of the mining city of Oruro situated on the Bolinidltiplano. The
project is delined into four research axes: he&ittman geography,
geochemistry, and aquatic ecology. Each axis imdugarious
research subprojects. ToxBol contributes in praxgdnuch needed
data on the level of contamination of the city ofuf® and its
possible effects of children’s health. The projsanost valuable as
it provides the necessary tools for understandnegeinvironmental
situation to which the Oruro citizens are exposed.

a) Environmental context

ToxBol was preceded by a pilot project in 2006 whasn was to
evaluate the level of environmental contaminatiomd achild
exposure in Oruro. Hair and dust samples were el A metallic
contamination exposure pattern in household dustrejorted. The
results revealed that the levels of metals weneifsigntly different
in homes located in close proximity to the city ssnand mineral
processing facilities by comparison to those latatethe outskirts
of town, especially in the cases of lead and antyn@able. 2

(Fonturbel et al., 2010). In addition to proximithe behavioural
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habits of workers also contributed in increasing thdoor metal
concentrations (e.g., workers returning home witi#é wearing
their work clothes). The mean of lead indoor dusttamination in

the San José mining district was extremely higloQL2g/kg).

In parallel to the pilot project, the geochemisifpxBol team
focused on environmental matters and demonstraiedntipact of
the mining industry on air, water and soils pobuati Metal
concentrations were measured in aerosols. Measatemere also
taken from Tillandsias and used as bioindicatoar(fd that grows
on electric cables). The results revealed an impédhe Vinto
smelting area with especially high values of As, @dd Sb in the
PM2.5 fraction of aerosols and in the concentratiobserved in
Tillandsias. Top soil dust was found to reach 16.0§)g of lead in
some football fields used by children, but was galhe low in

aerosols particles. Arsenic attained 200 ng/m3 Mil® near the
smelter area, with a high bioavailability, as estied by UBM
method (Bioaccessibility Research Group of Eurgi@ix et al.,
2011; Goix, 2012). Based on data drawn from thesmds and
Tillandsias, three sources of atmospheric contatmimawere
identified and associated to mining activitiesy aiines, smelter
emissions, and traffic (Goix, 2012).
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Metallic element

Mining district

Peripheral district

Arithmetic mean Geometric mean Min—Max value Arithmetic mean Geometric mean Min—Max value

{Standard error) (Standard error)
As 14338 (19.33) B0.28 12.90-635.55 42.50 (1.40) 41.68 30.19-68.75
cd 15.96 (2.49) 1148 4 60-101.34 605 {0.20) 5.54 4.19-10.31
Cu 11430 (12.43) 8897 3030-471.25 T7.02 (15.27) 56.56 239061720
Pb 1285.78 {235.36) 515,11 B6.60-8413.45 22143 (60.55) 133.66 48.51-241525
sh 45444 (138.50) 15291 21.50-6199.35 46.43 (593) 39.23 18.11-203.65
Sn 11413 (21.73) 7639 19.60-1172.35 3621 {216) 33.90 19.49-76.87
Zn 583.75 (64.69) 447 91 11930228527 252 06 {21.00) 232834 132.00--843 38

Table 2 Metal concentrations (ppm) determine in domestit duOruro. (Fonturbel et al., 2011).
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On the contrary, metal concentrations in drinkingtev did not
reach toxic levels as defined by WHO - although esowater
samples in the Vinto region showed levels of asand antimony
that were well above toxic limits. This occurrertid not appear in
the mean values. All water samples taken from Owece below
toxicity levels (Table. 3. However, results emphasised by
Fonturbel et al. (2010) and Goix et al. (2011) fremil and dust
samples clearly show the existence of high enviemai risk to

which Oruro citizens are exposed.

Al | Ci|'Ma| Ni | Cu | As |Mo | Cd | S | Ba | Pb | U
Norme OMS| 200 | 50 | 400 | 70 | 2000 10 | 70 | 3 | 20 | 700 | 10 | 15
Wopeme | 20 | 10 | 13 L. . 4% [3Z | a7 || - 104 | 58
total (m=30) | =07 | =0.1 | =03 [*7*02 o3 | =05 | =01 | =0,006 | 42| 8222 | a1 | 203
Maximmum | 106 | 16 | 64 | 69 | 217 | 120 | 18 | 0.4 [ 493 | 100 | 3.2 | 80
Moyenne | 16 | LIS [ 08 [0~ .| 50 [ 221 | 054 | 0053 | 047 [ oo | 04 | 64
Orwo (=25)| 202 [6.05| =02 [%3203| S50 | 20,08 | =0.01 | +0.004 | =003 01 | =01
Maximmm | 5.1 | 16 | 30 | 69 | 217 | 31 | 06 | 010 | 12 | 986 | 32 | 80
Moyenne | 53 | 023 | 36 | 030 | 38 | 82 | 13 | 006 |, | 1 04 | 32
Vinto @=3) | 3.1 |=0.04| <10 | =002 | <14 | =30 | 203 | =002 | 27 |6210] o1 | 07
Maximum | 1.6 | 03 | 64 | 04 | 81 | 120 | 18 | 0.14 [ 493 | 996 | 08 | 45

Table 30MS normative and Oruro mean values + SE of me@igentrations in
tap water samplasy(L).

b) Child exposure

The ToxBol pilot project (2006) primarily consisted analysing
hair samples from children in local schools in orte determine
traces of contamination. Samples were collecteah fre-12 year old
children from primary schools located in and arouhd Oruro
mining districts (Barbieri et al., 2010). Schoolsrey selected based
on geographical position in relation to mines amdeléers. The

concentration of essential and non-essential elssnweas evaluated
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using ICP-MS (Inductively coupled plasma mass spscopy,
IPEN Sédo Paulo ISO 17025). Children from schoolsrnine

mining and smelting areas were 4 to 14 times mgpesed to non-

essential metallic compounds than children fromosthin the city

centre and suburban areas. High levels were registef arsenic,

lead, cadmium, and antimony. These

results supgpottee

hypothesis of a moderate to high contamination lfiear et al.,
2010). Table. 4 and Table. %

Rural school

Suburb school

Downtown school

Geometric P5-P95 Geometric P5-P95 Geometric P5-P95

mean (SD) mean (SD) mean (SD)
Pb 1.57 (1.33) 1.10-2.64 2.03 (2.29) 0.39-8.05 232 (2.98) 0.33-10.19
As 0.07 (6.73) 0.00-0.44 042 (2.5) 0.11-1.74 0.39 (2.31) 0.11-1.24
Cd 0.05 (1.53) 0.02-0.12 0.08 (1.95) 0.03-0.35 0.08 (2.11) 0.03-0.19
Hg 0.13 (1.93) 0.07-0.90 0.13 (148) 0.08-0.21 0.15 (3.03) 0.05-0.50
Sn 0.05 (1.68) 0.02-0.09 0.08 (1.75) 0.03-0.17 0.12 (2.20) 0.04-0.38
Sb 0.02 (9.47) 0.00-0.08 0.09 (1.57) 0.04-0.21 0.08 (3.75) 0.02-0.35
Ni 0.18 (3.13) 0.05-1.05 0.52 (1.85) 0.24-2.11 0.13 (642) 0.00-0.85
Bi 0.01 (3.73) 0.00-0.18 0.02 (3.12) 0.01-0.11 0.05 (3.98) 0.01-051
Ag 0.05 (1.48) 0.03-0.11 0.12 (2.28) 0.02-0.51 0.07 (3.31) 0.01-0.76
Mn 1.26 (2.14) 0.27-5.48 1.53 (1.93) 0.45-3.86 0.56 (6.33) 0.00-2.81
Cr 0.05 (1.69) 0.02-0.12 0.09 (1.57) 0.04-0.14 0.07 (281) 0.01-032
Cu 7.76 (1.29) 4.04-11.76 7.40 (1.34) 4.54-11.20 6.89 (1.62) 3.53-15.44
Co 0.01 (2.05) 0.00-0.05 0.02 (1.72) 0.01-0.04 0.01 (1.79) 0.00-0.03
Se 0.57 (1.58) 0.33-1.21 1.10 (1.96) 0.45-3.77 0.90 (2.12) 0.34-3.89
Zn 145.40 (1.31) 85.1-210.1 105.87 (1.75) 35.1-190.3 8528 (1.57) 32.9-146.3

Table 4 Trace Elements Concentration in the Rural, SubudmghDowntown

Schools. Results ing/g of hair (Barbieri et al., 2010).
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Mine school Smelter school

Geometric mean (SD) P5-P95 Geometric mean (SD) P5-P95
Pb 14.08 (2.72) 324654 21.22 (3.30) 2.67-208.8
As 0.79 {2.79) 0.10-3.30 1.32 (3.01) 0.28-5.55
cd 0.07 (16.72) 0.00-2.03 0.03 (15.93) 0.00-0.65
Hg 0.49 (3.68) 0.09-8.44 0.50 (2.57) 0.13-2.55
Sn 0.20 (2.20) 0.05-0.67 0.72 (3.15) 0.18-4.86
Sh 0.10 (56.16) 0.00-4.14 0.62 (4.02) 0.08-544
Ni 0.36 (9.55) 0.00-6.94 0.64 (4.26) 0.12-2.82
Bi 0.06 (3.41) 0.02-0.72 0.11 (3.77) 0.02-0.88
Ag 0.33 (3.54) 0.04-3.11 0.29 (2.837) 0.08-2.04
Mn 1.34 (6.75) 0.03-8.18 2.41 (2.91) 0.63-9.58
Cr 0.12 (4.12) 0.00-0.83 0.11 (5.51) 0.00-0.69
Cu 11.37 (2.57) 3.17-44.89 11.77 (1.47) 6.69-22.26
Co 0.00 (35.77) 0.00-0.08 0.00 (36.45) 0.00-0.05
Se 1.O% (2.39) 0.28-523 1.27 (2.51) 0.24-584
Zn 123.66 (2.14) 31.47-3573 14238 (1.76) 57.3-3854

Table 5Trace Elements Concentration in the Mine and thel@&mSchools.
Results inug/g of hair. (Baribieri et al., 2010).

The indoor dust pollution was found to be strongggociated with
the school age children’s level of exposure to assential
elements such as Pb, As, Sb. A contrasted situatas)found in
industrial and non-industrial districts with a 1t6 1/10 ratio
depending on non-essential elements for human expoand
environment pollution. These observations were icensd to be of
sufficient concern to justify an evaluation of ezxpoe based on

blood samples and a health impact study.

c) Effects on Health

Based on the registered environmental contaminatiddruro, the
ToxBol project aimed to determine its possible ¢oxnpact on the
neuropsychological development of children livimgtihe city. This
thesis presents the results of Mee Niflo (My Child) subproject
lead by the ToxBol health team. The research tda&epin the city
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of Oruro (Bolivia) from 2007 to 2009. The aim was dtudy the
impact of trace metal “cocktails” in child healthngluding
neuropsicologic development, growth, and develogmah the
immune system together with the susceptibility tdections).
Follow-up of a birth cohort was conducted at twoalohospitals:
the Barrios Mineros located near the San José mine, andChia
Nacional de Saludlocated nearer the city centre. Both hospitals
were selected based on their location, the firstitBoproximity to
the contaminated mining areas and the latter $oprioximity to the
city centre. Selection was made in order to proadaore general
perspective of the Oruro health portrait. A monyhntoonth follow-
up was performed throughout the child’s first yehlife in order to
document diseases and treatment (if and when aegurr
behavioural habits, neuropsychological developmand, potential
problems related to nutrition. Blood samples (takdaring
pregnancy) as well as hair samples from all mothense taken in
order to assess the cohort’'s level of exposurentar@enmental
contaminants. Additional blood samples were takemmf the
umbilical cord at birth. The two articles preseniadthis thesis
build from the data collected during the two yeaifrthe Mine Nifio
project. Two scales were applied at different stagfedevelopment
of the birth cohort in order to evaluate a possihksociation
between the neuropsychological development of thiklren and
their exposure to trace metals (present at leatamair, dust, and
soil). The Brazelton Neonatal Behavioral Assessm@&NBAS)
scale was applied at 2 weeks, 4 weeks, and 8 weké&wing birth.
The Bayley Scale for Child Neurodevelopment was thgplied at
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11 and 12 months. The present thesis presentsethdts of the

latter Bayley Scale.

d) Involvement and Contribution to the Toxbol project

| spent two years completing fieldwork in the Badiv highlands. |
was initially offered a contract to join the ToxBelm in 2007 after
the completion of my M.Sc. in Public Health duringhich |1
focused on the impacts of contaminated environmemtschild
development. As an active member of ToxBol and islided by
the IRD, | participated in the conducting of mosttlee fieldwork
and consultations with the mothers and their cardr

After a prenatal consultation with a physician {a& end of the
second or the beginning of the third trimesterggmant women
were invited to participate in an information sessiDuring these
sessions, my colleagues and | provided the pregwanien both
with general and specific details about the stuljgaives and the
follow-up process. The women who agreed to padiesigned an
informed consent form in our presence. Upon enrotmeve

interviewed each woman individually using detaitpeestionnaires
in order to obtain information on socioeconomictista general
health status, as well as nutritional status (engttition in the 24
hours preceding the interview). Once all interviesesnpleted, we
created a personal file for each woman (‘nutriticstatus’ files) in

which were included all details registered durihg tonsultations
such as anthropometric data, bio-impedancemette @a of body

fat, body mass index, % of water, and so forth), vadl as
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densitometry (bone scan). We then proceeded to itortiye data
drawn from the analysis of the blood samples (thalysis was
performed at the hospital laboratory) in order toeasure
haemoglobine and haematocrite. In parallel to theve, the first
babies of our birth cohort were born. We took tumsorder to
ensure a presence of a ToxBol member during eattedbirths so
as to take samples of the umbilical cords. Sampks® sent to La
Paz where some were kept for immunological analydeke others
were forwarded to Montpellier (France) for metahcentrations

measurements.

Two weeks following birth the mothers were contdcagain for a
first examination of their baby’s neurodevelopmarding the
Brazelton scale (the test was performed by a medmetor). The
test was repeated at 4 weeks and 8 weeks. In @uiditi the
neurodevelopment tests, we conducted further irges/with each
mother in order to obtain various data includingpybanutrition,
baby health problems and treatments, if any, akasaheurological
development, weight, size, head circumference |eterviews were
conducted monthly basis until the child would red@months of

age.

The Bayley Scale of Infant Development (BSID) wasf@rmed on
children at ages of 11 and 12 months. | had redepréor training
in Sabadell (Barcelona, INMA Cohort) on the BSIDogedures
before departing for Bolivia. Upon arriving in Bah, | trained my
colleague, and with her we performed all BSID tests
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One of the main challenges of our fieldwork was dhiféiculty to

keep track of all participants. Some had phone rerg)lothers not;
some had actual physical home addresses, others Myt
colleagues and 1 visited all families in their ham&Ve did so
primarily for two reasons: 1) to locate the GPSrdomates of all the
homes and 2) to discuss with the participating wontae

importance of the follow-up process so as to insgaarticipation.

Finally, we organised additional information sessidn various
strategic points throughout the city in order tatHer inform local

authorities of our project, its aims and importance

1.7 Fieldwork in Bolivia

Conducting fieldwork in Bolivia is a challenging uo most
rewarding) experience. Localised riots and roadkdare common
in the highlands. They can (and often do) conshlgralelay
ongoing research projects, especially those pjinet depend on
frequent transfers of personnel (staff, voluntees;.) and/or
materials (biological samples, food supplies, dbefween cities —

as it was the case in our study.

In Bolivia, the mining industry is a vital sourcé employment,
especially in the highlands. In fact, working iretmines remains
for many a matter of family tradition. It is theoe¢ understandable
that any discussion or endeavour to emphasise riigoamental

contamination produced by the mining industry mayperceived
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by some as a threat to their livelihood. Such estoe can be
explained by the fact that, without the mines, ¢herlittle chance of
ensuring a steady family income. In such conterg of the main
challenges of conducting research projects in rgirgities like
Oruro is not to appear as a threat to one of tha rmeonomic
sources of the country.

Of pressing matter is the fact that there is aoserilack in the
general population’s knowledge and awareness of the
environmental problems and their repercussionsiem health (and
their children’s health). Given that contaminatiorand of itself is
not a ‘tangible’ problem, it is difficult for mantp fully understand
the implied long term risks on their health. Alsand as a
consequence of the above, contamination is oftércamsidered an
urgent problem. Quite the contrary, it appearsa@blow priority.
This remains a problem as many families the wongbroare
exposed to environmental contamination without gdully aware

of the risks on their health.

Local traditions play a significant role in any ¢&pf fieldwork.
Understanding the traditional (spiritual) belief§ the local
communities and their approach (and strong ties}raditional
medicinal practices wil go a long way in reducing
misunderstandings and frustrations that can enfeoge fieldwork.
Without necessarily engaging any anthropologicatotl, an
important first step is to acknowledge the cultusatkground of
each mother. This information, given on a voluntaand

discretionary basis only, allows us to better ustierd each
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mother’s cultural background and thus understandy wieir
approach to medicinal practice and methods migkerdifrom
‘ours’. In other words, these ‘cultural differentefay a great role
in how we inform, treat, and expect the mothengduicipate in our
project. It also allows us, as foreigners interagtiwith local
families on a daily basis, to better understand they of life’ and
thus create stronger professional ties. More ingmoly, it allows us
to treat them efficiently without interfering or mpromising their
beliefs and cultural ethics. Specifically, the abawainly concerns
the fact that local populations strongly believe annumber of
illnesses that are inflicted by the natural forodsnature (rather
than, for instance, being the product of environtalecontaminants
— as modern western medicine would assume). Oureawss (and
sensitivity) towards these local traditional prees will go a long
way in determining our approach in developing owethonds and
tools so as to examine and inform the Oruro familisee also
Paper 1 p.61).
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2. JUSTIFICATION/ RATIONALE

In recent years, environmental studies dedicatesvddd health
issues have grown to be more aware of the dirdatioaship
between environmental contamination and indivichedlth/overall
physical and mental wellbeing. Until very recentlyy fact,
environmental and health sciences were developmgoarallel
disciplines with very little interaction. Fortuntethe gap between

the two disciplines is everyday thinner.

The possible effects of heavy metal exposure onlttheare
becoming better documented. However, the majoffitgtodies in
epidemiology have been conducted in developed desnthere
the levels of exposure to environmental contamgate relatively
low or diminishing. In developing countries, higtvéls of exposure
to environmental contaminants are an issue of aentncern for
public health. This is in addition to the vulnetapiof populations
(poverty, precarious living conditions, malnutrit}p economic
difficulties, and delays in the development andligppon of safety
measures and awareness programmes. Children ate/atosrable
to levels of exposure and the most notable eff@asusually related

to neuropsychological and/or physical developmentablems.

Few studies in environmental epidemiology have lmsrducted in
countries like Bolivia. Oruro is a mining city wieea large portion
of its population lives in close proximity to migjrwastes. Among

the listed environmental contaminants are metalsh sas lead,
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arsenic or antimony whose toxic effects have besensively
documented. The presence of all these metals futthéerscores
the polymetallic exposure of this particular popiola. In addition
to the documented presence of important contamsnamtthe
environment, there are additional issues in Oruetated to
sanitation, infant mortality, malnutrition, and dgéd growth. In
this context, the ToxBol birth cohort provides agmpportunity to
shed further light on the neurodevelopment and trquatterns of

children in Oruro.

Oruro, as a case-study, provides much informatimh significant
progression on our global knowledge of the caudtdces of
contaminated environments on health. While Oruroy rba a
relatively small city, there exist many more snadies around the
globe with similar environmental problems. A betgssessment
and understanding of the problems in Oruro willaglong way in
understanding and addressing the problems that rotmey small
cities are facing elsewhere. Additionally, the pras work
contributes in providing further data on the Or@movironmental
context. The analysis of such data will no doulstate awareness

toward this environmental problem.
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3. STUDY OBJECTIVES

3.1 General objective

Study the neuropsychological and physical developraéchildren
living in the mining city of Oruro between the ages0 to 12

months.

3.2  Specific objectives

a) Study the effects of heavy metal exposure on the
neuropsychological development of children at agfes
11 and 12 months of age.

b) Describe the growth patterns of children duringirthe
first year of life.

c) Determine whether there is a relation between the
growth rate of new born children and their cogmitiv
development having reached the age of 11 and 12

months.
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4. METHODS

This thesis builds from data collected by the TolxBmjet A total
of 346 child births were registered in the two htadp where the
study was based. 256 children completed the Baggty(BSID) at
least once between the ages of 11 and 12 monthke®d children,
246 had an associated blood sample taken from rinetiner during
pregnancy and 175 had a monthly follow-up of tlggmwth. The
data documented from the 246 children is discussethe first
paper submitted in this thesis entitled ‘Child Neagvelopment in a
Bolivian Mining City’, while the data from the 1758 discussed in
the second paper entitled ‘Infant Growth Pattermsl &Child

Cognitive Development in a Bolivian Mining City’.

The sources of information used were the followintgtailed
questionnaires administered to the mothers durintgrviews,
biological samples (mother's blood, umbilical cdstbom, hair,
urine, buccal mucosa), physical exams, ultrasouidsmes and

thymus), neuropsychological tests and environmené&asures.

4.1 Analysis of trace metals

During the prenatal consult, a blood sample wagrtakom the
mothers who agreed to participate in the studyndist cases, blood
samples were taken either at the end of the setwynd or at the
beginning of the third. The samples were analysemtder to assess
the level of exposure to metals and metalloids &4,Cd, Sb, Cs,
Zn, Fe, Cu, Se, Rb y Sr). Additional umbilical caaa@mples were
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taken at birth (natural or caesarean). Analysakefligested whole
blood samples from pregnant women were performeuaguP-
MS at the IRD’s Hydrosciences Montpellier LaborgtgHSM),

France.

4.2 Neuropsychological evaluation

Child neuropsychological development was assessedg uthe
Bayley Scales of Infant Development (Bayley, 19%panish
Edition). The BSID is one of the most valid psyclatrical
measurements to examine infant mental, motor, atthwoural
development from 1 to 42 months of age. The mestalle
consisted of 163 items that assessed age-appepc@Egnitive
development in areas such as performance abiligmaony, and
first verbal learning. The psychomotor scale cdediof 81 items
assessing fine and gross motor development. Okdlected 246
children, 74.8 % performed the first test at agas/img between
>10.5 and <11.5 months and 81.7 % did the secorndateages
varying between>11.5 and <12.5 months. The BSID was
administered at both hospitals by two trained exans who did not
know the children’s degree of metallic exposure.

An additional variable was generated (BSID Testigglity) and
divided into three non-hierarchical categoriesvaleate the quality
of the BSID conditions: Normal Conditions; Behavideroblems;
and Special Situations. Behaviour Problems includédations
where the test could not be completed properly tduthe child’s

fearful or frantic behaviour. Special situationsluded events such
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as the child’s tiredness prior to the BSID, hungar,temporary
sickness, all of which were considered firsthantdes that might

contribute in generating falsely deficient tesutts

4.3 Monthly follow-up of the child’s growth

Growth and duration of breastfeeding was documemedeach
child on a monthly basis from birth until the age 1@ months.
Anthropometric measurements: weight was measurechaiked
infants using an electronic scale (SECA®) to tharest 10 g;
supine length with knees extended was measured \aith
infantometer to the nearest 0.1 cm. A total of tiiBdren with the
complete monthly growth follow-up were includedliire analysis.

4.4 Statistical Methods

In the first paper were included only subjects witbmplete
neuropsychological development data and materoaldoneasures.
In the second paper were included subjects with pbet@
neuropsychological development data and growth odsllp.
Preterm children and children with mothers withelsvof lead

extreme (n=4) were excluded from the study.

The main outcomes were child neuropsychologicaleligament
measured using the Mental Development Index (MDijl @he
Psychomotor Development Index (PDI). Rapid growttween
birth and 6 months of age was defined as a changeight z-score
> 0.67 and slow growth was defined as a z-scoragshaf < -0.67.

Z-score for weight at birth and 6 months were daked separately
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by sex. The entire cohort of children was used has reference
(internal standardization of the sample).

Covariates included birth characteristics (birthghg birth length,
caesarean section, and prenatal risk), maternahctesistics (age,
education, smoke habit, alcohol consumption, mastttus, parity,
trimester of pregnancy), infant growth charactersst(weight,
length, BMI) as well as other characteristics (nembf adults at

home, hospital of birth).

Multivariate linear mixed models were performed ngsimetal
concentration as the exposure variable in ordeeualuate the
potential association between metals concentrasiod rapid or
slow growth on child neurodevelopment. All metahcentrations
except zinc were natural log transformed. Mixed el®dvere used
to account for repeated measurements of neurodawelat in
children aged between 10.5 and 12.5 months and @einmze
statistical power.

Confounders included key predictors of test scoseeh as
examiner administering the test, the quality of thet and the
number of the test (first at 11 months or second2atmonths).
Others such as caesarean section, child genddéty pad number
of adults in the household were also included & ddjusted final
model. The potential non-linearity of the relatibims between

neuropsychological development and weight gain oetais
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concentrations was determined using Generalisedtifedodels
(GAM).Analyses were performed using STATA 10.0.
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Abstract.

Objectives: This study aims to 1) follow up and characteriziamt
growth patterns during the first year of life in IB@, and 2)
determine whether there exists an association leetwesight gain
and cognitive development in children living neamt@aminated
mining industries.

Methods: Data on 175 children participating to the ToxBol
(Toxicity in Bolivia) birth cohort were analyzed.apid-growth
during the first 6 months was defined as a changeeight z-score
> 0.67 while slow-growth was defined as a weiglsicare change
of < -0.67. Neurodevelopment was evaluated usirey Bayley
Scales of Infant Development (BSID) at10.5-12.5 therof age.
Mixed models were used to examine the associatietwden
cognitive development and weight gain.

Results: Rapid growers weighed less at birth< 0.01). However,
they revealed a higher BMI at 12 months of ageQ(@0.73,P <
0.01). After adjustment for confounding, rapid gtbwwas not
associated with cognitive development (coef=0.43Tonfidence
interval= -4.10, 5.08).

Conclusions: In this Bolivian cohort, children born smaller wer
more likely to grow/develop faster and attain geeaweight and
size. Their cognitive development was not affedigdheir growth

patterns.

Key Words. Weight gain, BMI, child neurodevelopment, BSID,

Bolivia.
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Introduction

Anthropometric indices at birth are useful to poedichild
development in terms of health and nutritional ugatVarious
studies have emphasized the importance of weightsae of new
born babies as determinant factors directly affigctineir health
during adult life. For instance, low weight at hiis associated with
various sets of complications; some of which harenediate
impact on development while others are chroniemet(Bergvall et
al., 2006; Geva et al., 2006; Sgrensen et al.,)19Hher types of
growth patterns are also relevant for evaluatingldam’s
development and health such as neonatal catchewgtlgand early
growth patterns during the first year of life.

In countries like Bolivia, child malnutrition and rayth
problems continue to persist. According to WHO dtads,
chronic, acute and global children’s malnutritiemder 5 years) in
Bolivia are 27.1%, 1.4% and 4.3%, respectively. Heigf
percentages are registered in mining cities sucbraso and Potosi
located in the Bolivian highlands. In Oruro, valuesch 33.4%
(chronic), 1.7% (acute) and 7.7% (global) (MEASURHEQS).

Although data exists on birth rates, relativelylditis known
about growth patterns in Bolivia. Weight gain pate may vary
according to a child’s growth rate. By definitioan increased
growth pattern is defined by a growth rate thateexis the normal
growth-time vector. This increase typically follows delayed
growth pattern such as a growth intrauterine retstn or the lack
of proper nutrition following birth. In cases ofilchhen smaller for

their respective ages, a rapid catch up may redbité morbidity
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and mortality thus providing it with a good chartceregain its
adequate weight (according to his age), improve rugitional
status, better resist infections, and increaseekfgectancy (Weaver,
2006). However, such catch up presents various afepotential
problems (Weaver, 2006kregular acceleration rates have been
linked with long-term chronic complications in adlife such as
obesity, diabetes and cardiovascular diseases EHpoa009;
Holzhauer et al., 2009; Ong and Dunger, 2004; Yakip\2003).
The incidence of such diseases is increasing ieldping countries
(Kelishadi, 2007; Martorell et al., 2000; Misra akiurana, 2008;
Prentice, 2006; Rivera et al., 2004) and Boliviants exception
(Pérez-Cueto et al.,, 2005, Pérez-Cueto et al., 9,20004).The
present paper argues the importance to furtheruatalissues of
obesity and overweight in Bolivian populations asvgh patterns
seem to be different. Delayed growth patterns amBogvian
populations may have been underestimated by fatlingonsider
the specificity of the population (Baya Botti et, &010).The health
situation in Bolivia is particularly challengingrimarily because of
the coexistence of both generalized malnutrition aedentary
lifestyle diseases (Bermudez and Tucker, 2003; Dés @t al.,
2000; Morales et al., 2004).There also remainses rie establish
whether this adverse association can also be limk#d cognitive
and motor development. In cases of low birth wemhbirth small
for gestational age (SGA), the association couldchepensated
with potential beneficial effects including bettateveloping
cognitive functions (Brandt et al., 2003; Casewlet2006; Franz et
al., 2009). However, other studies have observatrtdpid or slow
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growths during the first year of life are assodateth lower values
in cognitive tests (Belfort et al., 200&)ccordingly, this study aims
to 1) follow up and characterize child growth (weigsize, Body
Mass Index (BMI), weight gain) during the first yeaf life in a

Bolivian mining region and 2) to determine whetki®ere exists a
positive association between growth rates in ceildborn at term

and their cognitive development.

Methods

Study Population and Recruitment

The ToxBol study (Toxicity in Bolivia) was condudté Oruro
(Bolivia) between May 2007 and November 2009 at henatal
care units of two hospitals — Hospital Barrios Mose (HBM) and
Caja Nacional de Salud (CNS). Pregnant women waerelled
during the end of the second or the beginning eftliird trimester.
The study was approved by the National Ethics Cdiemiof
Bolivia, La Paz (Bolivia). Detailed questionnairesvere
administered to each woman in order to obtain méiron
concerning their socioeconomic status, as well hesr tgeneral
health and nutritional status. Growth patterns ahotation of
breastfeeding were documented for each child orpathmy basis
from birth until the age of 12 months. Medical atmnts
documented anthropometric indices: weight was nredsin naked
infants using an electronic scale (SECA®) to tharest 10 g;
supine length with knees extended was measured \aith
infantometer to the nearest 0.1 cm. For 42 childweeight at 6

months and at 12 months was missing. Using the raepkated-
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measurements based on our entire sampt37), sex-specific
growth curves were constructed for each child usiged models
with random intercept and slope after transfornmetidtbased on
fractional polynomials (Royston and Wright, 1998)sing these
curves weight at 2 times point (6 and 12 months)egtmated for
those infants for which weight records were notilatée. The
method was accurate and the correlation betweedigimn and
estimation in infants with measurements were: ®Mirth and
0.97 at 6 months for boys; and 0.95 at birth a®é @t 6 months for
girls.  Between 10.5 and 12.5 months of age, negrcél
development was evaluated twice using the BailealeSof Infant
Development (BSID). After exclusion of preterm bgth=29) and
children with behavioural problems during the fifst8) or second
(n=6) tests, a total of 175 children were includedthe analysis
with complete monthly growth follow up and BSID ttigerformed
at least once.
Neurodevelopmental Testing

Child neurodevelopment was assessed using the E&iljey,
1977). The present paper focuses in particular on the itegn
development. The mental scale consisted of 163sit@hich assess
age-appropriate cognitive development in areas suah
performance ability, memory, and first verbal leagn The BSID
was administered at both hospitals by two traineah@eners in the
presence of the mother.

An additional variable was generated (BSID Testipugglity).
The variable was divided into three non-hierardhazgegories in
order to evaluate the quality of the BSID condiinriNormal
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Conditions; Behaviour Problems; and Special Situneti Behaviour
Problems included situations in which the test douwlot be
completed properly due to the child’s fear or frarttehaviour.
Special Situations included events such as thed’shilatigue,
hunger or temporary illness prior to the BSID.

Statistical analysis

Z-score for height and weight at birth and 6 menitere calculated
separately by sex. Our entire cohort of childrers waed as the
reference (internal standardization of the sampgRgpid growth
between birth and 6 months of age was treated reifise a
categorical variable (slow growth/medium growthidagrowth) or
as continuous variable. Rapid growth was defined alsange in z-
score > 0.67 and slow growth was defined as a msdmange of < -
0.67 (Monteiro and Victora, 2005Y.hese limits correspond to
having 50% of our children population defined asrage/medium.
Additionally, BMI z-scores at 12 months were estiath as a
continuous variable.

Child cognitive development was analyzed using Khental
Development Index (MDI) and treated as a continuoutcome
variable standardized to a mean of 100 points witlstandard
deviation of 15.

Associations between covariates and child cognitive
development were tested in univariate analysisguSiadent’s t-test
for dichotomous variables in order to detect poatrmonfounders.
Associations between covariates (parental socicedeaphic
situation and children anthropometric measurementdirth, 6
months and 12 months) and growth rate were testied) ANOVA.
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The association between neurodevelopment and wegght were
investigated using mixed model adjusted by exammeaddition to
other potential confounders, e.g., gender, caesageetion, parity.
Mixed models were used to account for repeated umneasnts of
cognitive development in children at age betweerb Hnhd 12.5
months. The reason for this was to maximize steistpower
because of our limited sample. Co-variables welected a priori
based on previous literature (Chandola et al., 26@évtrell et al.,
2001; Mendez et al., 2011; Ong and Dunger, 200d)imciuded in
a multivariate model if th® of association in the bivariate analyses
was P < 0.2. The potential non-linearity of the relatibips was
determined using Generalised Additive Models (GAMpstie et
al., 1990)Analyses were performed using STATA 10.0.

Results

Birth weight and height of the 175 children incldda the analysis
were within normal range (3 282+372, g and 49.4&1cm).Table
1 describes the main anthropometric patterns: dight and BMI
at 12 months; z-score for child weight gain fromttbiuntil 6
months of age; weight and height at 6 months; itigion of
cognitive  development. Table 2 presents mother—child
characteristics. After restriction to the 175 cteld with complete
data, 77 (45%) children fell into the medium growd® children
into the rapid growth, and 48 children into thewsigrowth.
Comparison of anthropometric indices between grayggest that
there were significant differences in birth weighigight at 6 and 12

months, weight for height z-score at 6 and 12 manéngth at 12
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months, length for age z-score at 12 months and Bstore at 12
months P < 0.001). There was no significant difference bemve
parental characteristics (maternal age, maternshtjematernal
education, smoking habits, and parity), prenatsk r birth by
caesarean section. Rapid growers weighed, on adess at birth.
However, at 6 and 12 months of age, these infapte wn average
heavier and taller than other children. Childrethvalower growth
were born heavier and bigger but their weight aeajtt did not
continue to grow following the same trajectory a&sse in the
medium grougFig. 1).

There was a negative association between weigit, dgam
birth until 6 months, and birth weighiFig. 2). However, the
association between weight gain and BMI z-scorEamonths was
positive (Fig. 3). Both these associations remained significant afte
adjusting for covariates (§n weigh= -0.47,P < 0.001) and (yw=
0.61,P < 0.001).

In multivariate linear mixed models, there was ®sa&iation
between growth rate during the first 6 months amel ¢ognitive
development at 12 months. After adjusting for pb&tn
confounders the effect remained the same for slow eapid

growers Table 3).

Discussion
Birth weight of children born at term is found waedlithin
normal range. Children born with a smaller size evalso those

registering a faster growth rate in addition toagee weights and
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sizes at ages of 6 and 12 months. Weight gain whassociated to
child cognitive development.

According to the National Demographic and HealtB&®1% of
cases in Oruro register low birth weight (birth gigi <2 500 g). In
the present study, the birth weight of childrerfasnd within the
normal range — with only one case <2 500 g. Thepevcentage of
children with low birth weight may be explained the following
two patterns: 1) the fact that preterm childrenevexcluded and 2)
women leaving the study before completion genedadlgh a lower
education level (Ruiz-Castell et al., 201@h the other hand, 43.3%
of children were born with a size lower than 49¢towever, the
range of size at birth is also within normal valuesth only 4
registered cases of < 46 cm. At 6 and 12 monthagef size and
weight measurements also appear to be within nomaages
according to age.

Weight and size variations during the first year litd are
factors of equal importance as weight and sizdrtt.lEarly infant
growth patterns are associated with health issuasgladulthood.
These issues can be caused by a slower or faseeotrayrowth
during the first six months of life. Health problentan be
associated to a nutritional problem in cases ot¢hwith slow
growth rate (Martins et al., 2011; Vorster and Kayg007) and an
increase in the BMI in cases of children with fasgeowth rate
(Fabricius-Bjerre et al., 2011; Kelishadi, 2007;ngaski, 2003).
Both cases reveal an important repercussion on ctignitive
development at various stages of the child’s lifBaker-
Henningham et al., 2009; Halkjaer et al., 2003eLal., 2008)As
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in other studies (Holzhauer et al., 2009; Mendealgt2011)we
observed that children born with a smaller size akxgistered a
faster growth rate together with greater weights sines at ages of
6 and 12 months. By contrast, children born heawied with
slower growth register a lower weight throughowithievelopment
and a smaller size. In this Bolivian highland p@pn, the
association between weight, BMI and growth rate wasntained.
This occurred in a country where the transitionboéastfeeding
from exclusive to complementary (around 6 monthsagé) still
indicates a moment of nutritional vulnerability amdorbidity
(Hoare et al., 1996; Weaver, 2006). Our resultgesgthat even in
a specific population as seen in the present samy with such
young children, rapid growth is strongly associateth high BMI
at 12 months. This further emphasizes possible gy
detected problems related with increases in BMiweler, we are
unable to determine whether or not rapid weighh gaiassociated
with future problems in adulthood, as observed tihep studies
(Beardsall, 2009; Monteiro and Victora, 2005;Yaray2003).
There is relatively little data on child growth amdgnitive
development in Andean populations. Various knowstdia might
play an important role in the child’s growth, bgbhysical and
mental. Precarious living conditions, malnutritiaand a high
prevalence of infectious diseases are such factwrsmonly found
among vulnerable child populations in Bolivian Hagids
(MEASURE, 2008; Nathan, 2008T.he next step would be to

follow up the child cohort until adulthood in ordés obtain a
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broader perspective, and better understand the cimpi rapid
weigh gain during childhood in Bolivian adults.

In our study, we did not observe a significant asg@n
between growth rate and cognitive development atndgths. We
would expect that slow and fast growers have negassociations
with child cognitive development. On the contrachildren that
grew slower had positive values for the cognitieyelopment test
at 12 months. A similar positive tendency was olegramong
faster growing children. Two characteristics seemn have a
significant impact on the cognitive developmenticlgrthe first
year of life in Oruro: 1) child born with normal gét and 2) child
born with a lower weight and then rapidly recupedattheir
adequate sizes according to age. However, sucmaliems are
based on children between the ages of 0 to 12 morithrther
studies based on children at ages beyond 12 momthsd be
necessary to determine whether slow or faster ¢roates can have
a greater impact on cognitive development. Severatons may
explain our results. Those are based on a smallplsarsize
therefore reducing our capacity of detecting sigaiit statistical
associations. Also, it was difficult to obtain dategarding the
intellectual, psychological and occupational stadfishe mothers
(Ruiz-Castell et al., 2012¥hich is likely to have an influence on
child neurodevelopment. On the other hand, we \able to follow
the growth of children on a monthly basis whiclowakd for a good
characterization of their physical development migitheir first year

of life.
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Being born with a normal weight and size is fundatakfor
predicting child health, yet not necessarily andation of a normal
development from birth to 12 months of age. Ouultsssuggest
that data registered at birth cannot be taken @es ¥alue to predict
the child’s development. This study argues the neetbcus on
how children develop during their first year ofeliflt is our
contention that there should be further studiesrémiag the effects
of growth variations in development at later stagkebfe (i.e., post
12 months of age). This study describes the grqetterns of a
population in highland Bolivia. It argues that wetigain during the
first 6 months of life is 1) positively associatedth BMI at 12
months and 2) negatively associated with weighbigh. In our
study, no association with cognitive developmentzaimonths and

weight gain was observed.
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Table 1.Children growth characteristics and cognitive depatent

Minimum Maximum Mean + SD n

Birth characteristics

Birth weight, g 2200 4200 3282.17 £371.76 175

Birth height, cm 42 53 4943 +1.76 169
Infant growth characteristics

Weight at 6 mo, g 4851.18 10820 7531.07 £ 808.70175

Weight gain z-score from 0 to 6 mo -2.98 2.89 02¢t 1.04 175

BMI z-score at 12 mo -2.3 2.09 0.17£0.84 175
Cognitive Development

MDI 59.75 138.03 99.93 £15.22 175

Abbreviations: BMI, body mass index.
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Table 2.Characteristics of rapid, medium, and slow growers

Characteristic Slow Growth Medium Growth ~ Rapid Growth N
(n=48) (n=77) (n=50)

Male sex 23 (47.92) 36 (46.75) 23 (46.00) 0.98

Birth characteristics
Birth weight, g 3493.75 +386.93 3263.90 + 313.961082 +344.45 <0.01
Birth height, cm 49.98 +1.83 49.23+1.70 49.2B. 82 <0.05
Low birth weight? 1 (2.08) 1 (1.30) 2 (4.00) 0.61
Low birth height’ 12 (26.09) 35 (47.30) 29 (59.18) <0.01
Prenatal risk 11 (22.92) 23 (31.94) 19 (38.78) 0.24
Caesarea section 12 (25.00) 24 (31.17) 17 (34.00) .61 0

Infant growth at 6 and 12 mo
Weight at 6 mo, kg 7.00 +-0.70 7.49 +0.61 8.10.81 <0.01
Weight for age z-scores at 6 mo -0.79+£0.80 0.2:3+0.69 0.47 +0.77 <0.01
Weight at 12 mo, kg 8.31+0.77 8.86 +0.65 9.5288 <0.01
Weight for age z-scores at 12 mo -1.02£0.78 66.0.70 0.23+£0.72 <0.01
Length at 6 mo 64.91 £ 2.58 65.33£1.72 66.02342. <0.05
Length/height-for-age z-scores at 6 mo -0.8341.0 -0.68 £0.75 0.23+0.72 <0.05
Length at 12 mo 71.65 +2.46 72.45 £1.83 73.64502 <0.01
Length/height-for-age z-scores at 12 mo -1.29980. -0.99 £0.82 -0.50 £ 0.95 <001
BMI for age z-scores at 12 mo -0.35+£0.77 0.5 0.70 £0.73 <0.01

Parental characteristics
Maternal age, y 24.69+£4.84 26.67 £5.76 2549745 0.14
Maternal height, cm 1.52 £ 0.05 1.54 +0.06 1.5106 0.30
Maternal education

Primary or less 3 (6.25) 9 (11.69) 3 (6.00)

Secondary 26 (54.17) 36 (46.75) 23 (46.00)

Tertiary 19 (39.58) 32 (41.56) 24 (48.00) 0.65
Maternal smoke habit 7 (14.58) 9 (11.69) 5(10.00) 0.78
Parity

0 21 (43.75) 28 (36.36) 24 (48.00)

1 19 (39.58) 32 (41.56) 16 (32.00)

>2 8 (16.67) 17 (22.08) 10 (20.00) 0.69

Data are represented as mean + SB @6). 1 P-value of difference between groups.

" P<0.05.2 Low birth weight refers to hirth weight <2500 §Low birth height refers to

birth height< 49.7 cm. Abbreviations: BMI, body mass index.
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Table 3.Association between weight gain and children cogmit
development

COGNITIVE DEVELOPMENT (=175)

Crude Adjusted
Variables coeft SE 95% ClI coef+ SE 95% CI
Growth?
Slow 277+245  (-2.02-7.57) 1.82+241  (-2.91-6.54)
Rapid -0.04£2.42  (-4.80-4.71) 0.49%+234  (-4.10-5.08)

Values represent the coefficients (coef) from maltiate linear mixed models and the
95% confidence interval.

! Adjusted for child gender (male/female), examil@aesarean section (yes/no), number
of Bayley test (1/2), parity (1/2B), birth weight, mother age, maternal educatiaelle
(primary/secondary/tertiary or more).

2 Growth refers to birth until 6-mo
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Figure 1. Weight patterns of rapid, medium, and slow growers

Values are means + SD
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Figure 2. Association between birth weight and children \aeig
gain z-score (from 0 to 6 monthsy 175
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Figure 3. Association between children BMI z-score (12 mohpths
and children weight gain z-score (from 0 to 6 mehth=175
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6. DISCUSSION

This thesis has examined the neuropsychologicagldpment of
Bolivian children at 12 months of age. Specificaityaddressed two
possible associations: 1) neuropsychological dgveént and metal
exposure (i.e., metal toxicity as a consequencenvironmental
contamination); and 2) neuropsychological develapmaad growth
patterns. The thesis also characterised growtlenpattduring the

first 6 months of life.

6.1 Exposure to heavy metals

Blood samples are among of the most effective waydetermine
exposure to metals such as lead (Ashton et al9;AD®aese et al.,
1996; Diplock, 1993; lkeda et al., 2011; Levy et @D07). In this
thesis, blood samples (taken from the pregnant wdmere used
to measure the level of exposure of the foetusndupregnancy.
Samples were taken both during pregnancy and amthraent of
birth (taken from the umbilical cord). They provitlan indication

of the level of each child’s exposure.

Based on the results of the present study, esbantianon-essential
types of metal concentrations were both at nonctt@uels, with the
exception of antimony. In general, the values walso fairly
homogeneous. We were particularly interested iugowg on lead
concentrations in blood and their documented neuioteffects,
even at low concentrations. From the children exachiusing the

BSID, four of their mothers showed lead levels kiglthan 10
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mg/d| - the level considered as the interventiaeghold by many
agencies (CDC, 1991). By eliminating these fouresaBom the
study (which revealed extreme values (> 5SD)) weeoled that all
other registered levels were at non-toxic levetstipipants had a
median lead level of 1.76 mg/dL (P25-P75 ie 1.382ng/dL).

Our initial hypothesis was that metal concentrationblood would
be high. This was based in part on the fact tha¢rostudies have
registered high metal exposures in the Oruro rebgased on soil,
dust, air, and children’s hair samples (Barbieri at, 2010;
Fonturbel et al., 2011; Goix et al., 2011). Alsechuse we included
in the study women from two distinct hospitals (doeated in a
highly contaminated area, while the other not) weenexpecting a
greater variability in the registered levels. Hoeewthe registered
concentrations were low and homogeneous to thet mditbeing
comparable to the results described in other studi@sed on
unexposed populations (Gundacker et al., 2010;|5sthal., 2004).

Nevertheless, contradictory data have also beenlisped
elsewhere, especially studies that examined coiweka between
environmental samples and biomarkers. For instaBaéson et al.
(1994) and Malcoe et al. (2002) demonstrated setairon between
lead levels in blood samples and lead concentrstion dust
samples. By contrast, Davis et al. (1993), Dansal.et1995) and
Berglund et al (2000) found no association betwdend
concentrations in soil and blood samples. Yet,oélithe above
studies were conducted in similar mining contexith \wopulations
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that were directly exposed to environmental contamis (as was
the present study).

The lack of an apparent correlation between thelteegn Barbieri
et al. (2010) and Fonturbel et al. (2011) and thsults in the
present study (from blood samples) may be explaimgdactors
such as low bioavailability of metals in dust —aso argued by
Danse et al. (1995) as well as Gulson et al. (19BHis suggests
that just a small fraction of the totality of metdiound in dust
would actually find itself in the blood stream.

6.2 Child Neuropsychological Development

Our results suggest that neither the exposure d¢ktaits of metals
nor the different growth patterns have a negatiffece on the
neuropsychological development of the children traticipated in
our study. In fact, the factors that do appear aveha negative
effect were preterm births and births by caesar€amversely,
gender and parity appeared as factors produciragitiye effect on

cognitive development.

Important in the present study is the absence w$lkaassociated
with a prenatal exposure to lead. Such observatsonn fact

contrary to other studies in epidemiology that haeenonstrated
the negative effects of lead on the neuropsychoédglevelopment
(Hu et al., 2006; Jedrychowski et al., 2009: Sherale 1998;

Tellez-Rojo et al., 2006). The negative effectsled#fd have been
well documented, and even at low levels of exposuah as those

117



registered in this thesis (see Needleman, 2004ndpan and
Landrigan, 2006).

In our view, various factors may account for thetféghat no
negative effects were observed in this study. Fmtance, the
known difficulty to detect neuropsychological prefvis from
children at such young ages<1@ months). Indeed,
neuropsychological problems are most easily dedetechildren

older than 12 months of age (Counter et al.,, 2Q¥D8). As
discussed in the introduction of this thesis, behaal factors (e.qg.,
playing outside and then putting unwashed fingersniouth)

account for the fact that the exposure levels dbdm may differ
from those of the mothers. Accordingly, the results our

neuropsychological evaluation would be associatétd postnatal
exposure instead of prenatal exposure. Additionalye Bayley
scale may actually provide a too general readingchild’'s

neuropsychological development. The scale can tailprovide

specific data on different areas of the neurodgraknt such as
language, memory, and motility (Plusquellec et &&007).

Accordingly, the choosing of more precise methodas could
allow us to further identify specific areas of nedevelopment that
may have been altered. Such methodological steglside the
moment during which samples are taken. In thisystue analysed
blood samples taken from women during pregnancgh Samples
may not have provided entirely accurate readingghef child’s

level of exposure at the moment the test was peddrbecause
they actually measured the prenatal level of exygosstead of the
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moment during which most of the high exposure aec(ire.,

temporal ‘décalage’).

Other unexpected results in our thesis includeaihygearance of a
positive association between lead levels and tlieopsychological
development of children at 12 months of age. Howevkis
association is only observed at very low lead cotredions. The
positive association begins to change when inclydime four
extreme values that were excluded from the stldys( 5 - §. In
our view, the positive association observed at levels is very
likely a false positive — especially in light ofetroverwhelming
literature on the neurotoxic effects of lead. Ibig contention that
the observed positive effect is probably an indocatof the
presence of another factor whose effect may befic@aieand have
a greater influence on the child’'s neuropsycholalgitevelopment.
Perhaps a particular component in the child’s dietuld be
interacting with metals such as lead or even comsguarg for the
neurotoxic effects of lead.
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Fig. 6 Psychomotor development at 12 months and lead axpdSAM model).

As a perspective, it would be interesting to deteenwhether low
metal concentrations have any negative effect beratonstituents
of health (e.g., respiratory) and at other ages, (12 months).
Very important also is the fact that we observed gBegnant
women with high lead concentrations. Unfortunatehg, lost these
women during the follow-up and thus could not imguthem in our
analyses. Although these women were not showingpamcular
geographic pattern (they were rather dispersedigfirout the city),
they did however live in close proximity to smetfimdustries or
mineral storing facilities, and in some cases kapterals in their

homes. These cases emphasise a portion of thegtigpuithat is in
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fact at risk of a neurotoxic exposure — even thonghparticular
geographical pattern was identified in associatiotine high levels.

We also expected that slow and rapid growth ratesldvhave a
negative effect on the child’s cognitive developime®ur
expectation was based on the fact that variationgrowth rates
have been known to have repercussions on the oognit
development of children at various stages of thiar (Li et al.,
2008; Halkjaer et al., 2003; Baker-Henningham gt24109). In the
present study, we have reported different obsematwhich are
consistent with others detailed elsewhere, suclrasissociation
between rapid growth rates and an increase of Me(Bolzhauer
et al., 2009; Yanovski, 2003; Goodell et al., 2009alkjeer et al
(2003) also observed an inverse association betvW@escores,
BMI changes and risks of obesity. Li et al., (200Bserved similar
negative effects associated with increases in BMd ahild
cognitive function in school age children (visudsgdeorganization
and general mental ability). On the other hand rodevelopment
problems can also be related to a nutritional gnwbin cases of
those with slow growth rate such as poor cognitigeelopment or
changes in behaviour (Baker-Henningham 2009, Beliden2008).

In our study, however, we did not observe an aatioa between
growth rates (slow or rapid) and cognitive develepmat 12
months of age. Perhaps those children with rapavtir patterns
may have had a capacity to readily recuperate tiwimal weight
which in turn may have compensated possible prablaormally
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associated with chronic low weight. Regarding tholsdédren with
high birth weights and slow growth patterns, it neyinferred that
weight at birth has likely a greater overall newghological
impact than the actual rate of growth. In situatiovhere illnesses
during infancy can have mortal repercussions, nbrmeaight
according to age in weeks (during the first six thenof life)
appears to be a determinant factor for a good tegrdevelopment
— independently of the rate at which a child depsl{growth rate).
However, it would be interesting to continue thioiw-up in order
to see if this association continues after six mesmf age or, on the
contrary, if some of the problems that we were ekpg begin to

appear.

Although the protective effects of breastfeedingyehdeen well
documented elsewhere, we did not include this lsian our final
model. As we also discuss in tMaterials and Methodsection of
this thesis, monthly information regarding breastiag was well
documented. We observed that practically all théddn were
breastfed (were_nobreastfed: only 2 out of 197 children with
Bayley at 12 months; and only 2 out of 181 childweth Bayley at
11 months — the same two children in both casesgeSractically
all mothers breastfed we did not observe any pattdretween
children that were breastfed and children that wese We also
considered possible differences associated withastieeding
duration. Nearly all mothers breastfed until (ast® 12 months of
age — data was here again insufficient to highlighy possible
difference. Accordingly, this further explains otunterest in
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categorising the breastfeeding variable, both Estetu (only
breastfeeding, without water or other liquids) and?redominant
(when other liquids were included — but no solidsy.an outcome
of our recommendations to the mothers, nearly efjan feeding
their babies with solid foods from 6 moths onwaFte nutritional
behaviour of the children was therefore somewhagutated’

(homogenised).

6.3 Infant Growth Patterns

In the second paper presented in this thesis veeigisthree growth
patterns during the first six months of life: 1)guéar growth; 2)
rapid growth; 3) slow growth. Various studies hawephasised the
impact of rapid and slow growth patterns on he@itlartins et a.,
2011; Vorster et al., 2007; Fabricius-Bjerre et 2011; Kelishadi ,
2007; Yanovski, 2003). The rate at which the chdklelops is
linked with weight at birth and, later, with the BMn our study,
children with low birth weights appear to grow maorapidly,
perhaps as a mode of natural compensation. At eae §f age,
these children also usually have higher BMI valiubkan the
children with regular growth patterns. This howewdwes not
necessary mean that all children born smaller {\@ight at birth)
have had high BMI values throughout their developim@uthors
observed that higher than average BMI values cae leffects on
illnesses that occur later in life (teenage or #whdd) such as
obesity and/or cardiovascular diseases (Kelisha@0y; Yanovski,
2003; Fabricius-Bjerre et al., 2011). On the oti@nd, lower than

average BMI values can also have significant negagiffects on
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health such as poor mental development, physichdgand social
alterations, cardiovascular diseases (Martins ¢t28l11; Vorster
and Kruger, 2007)

Growth patterns identified in our study seem to ahathose
observed elsewhere. The association between weaghbirth,
growth rate, and BMI has been observed both inf¢he weeks
following birth and after 12 months of age. Thuse factors that
have influenced growth rate remain unclear. Sonueliss have
observed an association between an exposure to cremelo
disrupting chemicals and an increase in growth (fstiendez et al.,
2011). Our recommendation as a venue for futureares would be
to measure other contaminants in order to addi@sspbtential
effect.

6.4 Limitations

The main limitation of the present study is theit@h of the
cohort. The ToxBol project began with ~400 partitipg pregnant
women. However, various problems throughout thdov¥olup
considerably reduced the number of participantstidfaation was
difficult to obtain for the following reasons: 1)omen’s mistrust of
health care professionals; 2) lack of an estahlisheactice of
regular health check-ups; 3) difficulty to fully derstand the health
issues related to environmental contamination; sgure from
family members (husbands and in-laws, especially) discourage
the women to attend local hospitals for no appanegdical reason;

5) traditional medicine practices and beliefs cadittting modern
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medicine and its practices (e.g., traditionally,mem secure their
new born babies in tight textile wraps (fajas); reyaractice is
usually not recommended by medical doctors pragjianodern
medicine); 6) families migrating to other regiorfsttie country; 7)
difficulty to locate the participating women duritige trial (lack of
phone numbers, no official street names or addsesse).

Another limitation was the difficulty to obtain imfmation
(variables) that was directly associated with cwidg objectives.
Accurate details regarding the socioeconomic stati® amongst
the list of essential missing variables. Most fgmihembers
undertake multiple jobs contracts at the same tifilmeir status is
therefore difficult to assess and categorise. Tkalectual status of
the mothers would have also facilitated furtherarsthnding of our
cohort. Unfortunately, the lack of a permanent psyagist on staff
did not allow for an accurate gathering of suchaddkinally,
missing from our anticipated data are indicatiohsveight gain
during pregnancy — because of the difficulty to\aooe the women
to return to the hospital for regular monthly fellaps before birth.

Limitations can also be listed from the data thaswollected (only
in some cases) such as the lack of accurate inohsategarding
alcohol consumption, drugs, sexual habits (e.githbcontrol),

sexually transmitted diseases, prior abortions, smdorth. With

regards to the blood samples, specifically, it widuhve been useful
(provided sufficient resources) to collect sampbaging each
trimester of the pregnancy (given that concentrnatican change
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according to the trimester). Equally useful, altijfowarguably and
understandably unfeasible, would have been bloodoks taken

directly from the children at one year of age iadtef the mothers.

Finally, and with regards to the actual test of ropaychological
development, the ToxBol project used the first marsof the

Bayley Test for Child Development. More recent iedis of the test
have been published where the materials have bmegsed. The
revised material might have been useful in detgatmore subtleties
in our data sample.

6.5 Highlights

This is the largest study to date on the effectsmatals on
neurodevelopment in a mining area of Bolivia. Tleenplexity of
pursuing epidemiological studies in Oruro resideghe fact that
local populations are exposed to various sets ofalsen the
environment (polymetallic cocktail). This study tdoutes in
providing a contextual and systematic analysisllobfathe metals.
The toxic effects of certain metals can be (androtire) amplified
when in combination to other metals. Our study vedlofor an
inclusive understanding of the complexity of theviemnmental
contamination in Oruro by dealing with each metabthb
individually and in association with other metals.provides a
comprehensive analysis and identification of theeptial toxic
effects of metals in the Oruro environment, bottividually and as

combinations.
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A variety of samples (blood, umbilical cord, hawgre taken at
various stages to assess the level of exposuralgnpetf women.
Additional blood samples were taken from a smalngia of
participating women in order to verify (and compameetal levels.
The correlation of samples taken at different mamém time has
contributed in further substantiating the results.

The children’s physical and neuropsychological tswaent

follow-up was conducted by hospital staff membdrat treceived
specialised training prior to initiating the stuyrovided by other
ToxBol members). Staff members that conducted btib

interviews and the follow-up of the children werbket same
throughout the project. Such practice contributeestablishing a
better rapport and confidence between staff memiedsfamilies
which, in turn, also allowed us to gather, in tinmore reliable
information from the interviews. Although the aitin of the cohort
was significant, a systematic and fully documentexhthly follow-

up was performed on the participating children -ewtoenting
growth patterns, illnesses, neuropsychological kbgveent, and

nutritional patterns.

The data collected during the course of this ptag@ significant
contribution toward a better understanding of tmeirenmental
situation in Bolivia and its possible effects oraltle, particularly in
mining contexts. The thesis therefore contributefuither bridging

matters of health and environmental contaminatiordeveloping
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countries. Likewise, it allows us to engage chiirodevelopment

more generally.

6.6 Contributions to the field and venues for future
research

Further examinations of the bioavailability of nistdound in

similar environmental contexts may clarify why Higlexposed
adult populations appear unaffected. It would befulsto obtain

blood samples from school age children to deternahether the
exposure pattern persists or if, on the contraoycentrations are
much higher. For instance, it would be interestingrepeat the
ToxBol project on populations with similar charattgcs such as
in Potosi. The mining city of Potosi is also siaghin the Bolivian

highlands, roughly 300 km southeast of Oruro. Inéar the Potosi
mines is similar that of Oruro (high environmentahtamination,
poverty, malnutrition, high infant mortality ratesnd so on).
Replicating the project would allow us to see whkethr not the

exposure patterns remains.

More specifically, it would also be useful to fugthexamine the
concentration levels of certain metals in urine glas (e.g.,
arsenic) in order to obtain more accurate data han level of
exposure (given than blood does not necessaribwafbr a full

analysis of all trace elements).

In our study we did not observe a toxic effect edd at low

concentrations (lower than 1@y dL), which is contrary to most
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studies dealing with lead toxicity. In fact, we ebsd a positive
effect that is surely an indication of another daqterhaps having a
beneficial effect and a greater influence on theildsh
neuropsychological development. Our general comens that a
component in the child’s diet may either be inteérgcwith metals
such as lead or compensating for the neurotoxectsffof lead.

Also useful would be to further examine if neuragsylogical

effects begin to appear at later stages of devedopnMany of the
known negative effects that were not observed in study may
actually be detectable (or more easily detectadfte) a certain age
(i.e., >12 months). Provided the availability offgient resources,
it would have been interesting to continue theofwHup throughout
later stages of development in order to 1) asdessieévelopment
during infancy (usually a difficult period to detepossible

psychomotor or physical problems) and 2) take &uftht blood

samples in order to see if the levels of expostiange when the
children reach the age of walking — and therefarecsptible of
being more exposed to environmental contaminantsadBsamples
taken from children may have allowed a better @ssent of the
exposure, particularly when the exposure level setad increase
(i.e., when children begin to crawl they becomeessarily more

susceptible of being exposed).
Regarding infant growth patterns, important is fiet that a strong

association was observed early on between the groaté of the
first six months of life and the BMI at 12 monthEage. Further
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research would be necessary to determine whichesits{beyond
metals) are associated with growth rate (e.g., emu® disruptor
effect). Equally interesting would be to examine sgble
associations between growth patterns and chromes#es that
usually occur later in life such as obesity, cavdscular diseases,
and so forth.

In this study, the effects of lead were contrary eixpectancy.
Nevertheless, based on the important environmeotatamination
in Oruro, measures should be taken to reduce erpogiven the
known presence of other health issues such asratsyi diseases
and immune responses. Also important to considetha negative

effects that may be detected during adulthood.

6.7 Public Health in Oruro: some recommendations

The results of this thesis indicate that an impar{ortion of the
adult population of Oruro has not been affectednayal exposure.
However, ~2% of the recruited pregnant women weuad to have
lead concentrations higher that 10 pg/dL. In thtg of 220000
inhabitants, this represents a significant numidechaldren born
each year with an inacceptable lead exposure. ditiad to the
above, environmental contamination remains an issueentral
importance while there remain critical areas sushhat of Vinto

still registering high concentration of metals in aater, and dust.

We observed that 1) mining wastes are located assas where

children play and 2) that there are no systemagasures in place
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to control the safe disposal of toxic wastes. Thare also no
awareness programmes in place to protect the emagat schemes
(Fig. 7). Additionally, the actual level of exposure ofildren

remains poorly documented mostly because blood lssnh@ave yet
to be taken from school age children. Another isisuthat many
children live in households in the presence of pigréhat are much
more exposed (and that bring into the home thetarninated

work clothes and/or materials from work, and sahfpr

From the ToxBol project and its subprojects cardimvn a series
of recommendations and protective measures limitiegaccess to
places of industrial activity that present highepa@sure risks to the
most vulnerable portion of the Oruro populatione thhildren.

Information and awareness campaigns are also reeohed on the
appropriate use and disposal of the industrial gsad by many
families. Notable improvements have nevertheless oeade in the
recent years and some forms of measures are nguwlage (or

beginning to): better disposal measures at the Jda@ mine and

better control of the water acidity in the ltosase

On the topic of child growth, delayed growth patgeremain of
central importance with considerable repercussmmmfant health.
Obesity is a problem in the developed world thatnev also
beginning to emerge in developing countries suclBas/ia. We
recommend the implementation of better monitoringasures in
order to detect early on these types of nutritiopabblems.
Amongst such measures are also good awareness igas@m
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family food education, especially in hospitals, ealls, cultural

centres, and so on.
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CONCLUSIONS

1. The situation in Bolivia is complex given the cadent
occurrence of environmental, cultural, social, fcdl, and
sanitary factors.

2. Various sources of contamination exist in Oruroe Thain
source of contamination is produced by the minimdustry
to which local populations are directly exposed:

a. However, in this study the measured biological
levels of metals in pregnant women were lower than
expected in a mining area. This is contrary to our
initial hypothesis anticipating high concentraticfs
metals in blood.

b. Only high concentrations of antimony were observed
in blood.

3. No neuropsychological development problems/defaian
were observed from children at 11 and 12 montlegyef

a. Although the risk of neurotoxicity associated to
certain metals such as lead has been well
documented, the results in the present thesis tlo no
support the hypothesis of the effects of lead on
development. No toxic effect of metals on BSID
scores was found — even at low concentrations (i.e.
below established limits of toxicity).

b. Contrary to expectancy, our results revealed a
positive effect of leadon child neuropsychological

development at low levels of exposure. We contend
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that this ‘positive’ association may be reflectioe
due to other factors such as diet.

c. With regards to antimony, the only metal found in
high concentrations, no negative effects on health
were observed.

d. Cognitive development also appears not affected by
growth patterns.

4. Growth rate is associated with weights at birth HrelBMI
at 12 months of age. In this Bolivian cohort, cteld born
smaller were more likely to grow/develop faster aatthin
greater weight and size. Such observations maywallo
anticipating possible health problems during acdth(thus
emphasising the importance of further follow-uglo$ birth
cohort).

5. This is the largest study to date on the effectmefals on
neuropsychological development in a mining area of

Bolivia.
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