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Abstract

Human lead exposure contributes to a number of adverse health and social outcomes. The
most significant historical source of exposure was the addition to tetraethyl lead (TEL) to
petrol throughout the 20% century, which resulted in widespread contamination of human and
natural environments. By the early 21% century nearly all countries had taken steps to phase
out the use of TEL. Subsequent biological assessments of humans have universally shown
significant and rapid declines in lead concentrations, typically measured in blood. In high
income countries, the declines were particularly substantial. In the United States, for
example, mean blood lead levels (BLLs) are currently < 1 pg/dL compared to > 15 pg/dL
before the 1976 phase out. In contrast BLLs in low- and middle-income countries (LMICs)
have remained elevated, with national mean BLLs above 5 pg/dL in multiple locations.
Despite this, little 1s known about the continued nature and extent of lead exposure in LMICs.

This thesis sought to characterize sources of human lead exposure in LMICs, quantify their
impact, and propose methods of mitigation. It is comprised of 12 studies arranged in three
chapters along these themes. In the first chapter, sources of human lead exposure in LMICs
were evaluated through a systematic literature review and in situ assessment. In the second
chapter, the attributable disease burden of some of those sources was quantified using
common public health metrics, primarily Disability Adjusted Life Years (DALYSs). Finally,
in the third chapter, mitigation case studies were executed in three different countries and
evaluated for their efficacy. The thesis contends that lead exposure in LMICs is primarily
industrial in nature and results in a larger disease burden than is currently estimated. In
addition it argues that cost effective measures exist to mitigate some of the more significant
sources of exposure.



Table of Contents

Acknowledgements
Statement of Originality
Abstract
Thesis Composition
Chapter 2: Exposures
Chapter 3: Outcomes
Chapter 4: Mitigation

QAN AR NN

ALCTONVINIS cevvenneecereesesssseessssssesssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssasssssssansase /,

LiSt 0f TADIeS ANMA FIBULIES ceveeeeereeeeeesererersnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ],

A DD CIIAICES 1 eeeeereeeneneesssssssssssassssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas

1. Chapter 1: INtroduction ......cccceeeeeeessneesssisssssisssnnsosssnsssssssssnsssssnsnsssssssssnssssssssssasssssasssssssssssssd
1.1. Galena 8
1.2. The father of all metals 9
1.3. Twentieth Century releases of lead and resulting exposures 11
1.4. New Sources of Lead Exposure 14
1.4.1. Informal Sector Industry 15
1.4.2. Used Lead Acid Batteries 16
1.4.3. The international response 19
1.5. Methods 10
References 22

2. Chapter Two: EXPOSUIES..cccceeesueesneesaessansssansssassssssssessassssssssnssssessssssssssssssssssssssssssssssassssces 20
2.1. Paper One 27
2.2. Paper Two 29
2.3. Paper Three 64
2.4. Paper Four 72
2.5. Paper Five 84

3. Chapter Three: QOUECOMES....ccceeeesssnoesssronsssisnsasiossssesssssssssssssnsssssnsssssssssssssssssssssssssssasssssss 90
3.1. Paper Six 91
3.2. Paper Seven 106
3.3. Paper Eight 115
3.4. Paper Nine 126

4. Chapter Four: Mitigation.....cceeseeesssseesssrsesssnssssssosssiossassosssssssssssssssssssnsssssnsssssnsssssnssssansees 130
4.1. Paper Ten 137
4.2. Paper Eleven 145
4.3. Paper Twelve 156

5. Chapter 5: Synthesis of ReSearch.......ccceeeieiesrieenniensniessnssssnnssssseossssosssssssasasssasesssnseees 172
5.1. Historical Context 172
5.2. Summary of Chapter 2 173
5.3. Summary of Chapter 3 177
5.4. Summary of Chapter 4 181
5.5. The international response to lead exposure in LMICs 184
5.5.1. Lead-based paint 184
5.5.2. The Burden of Disease 187
5.6. Recommendations 190
5.7. Conclusion 61
References 192

A DD CIIAICES . eeeeeerereeeneensssossssssasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssss LI




Thesis Composition

The thesis is comprised of twelve distinct studies organized into three chapters and
bookended with an introduction and conclusion. Eleven of the 12 studies have been published
in the peer-reviewed literature. Paper 1 has not yet been published but has been submitted to
Environmental Research for review.

Chapter 1: Introduction provides context for the thesis. Background information on the
nature and extent of the issue is presented. The three central chapters examine the scale and
severity of lead exposure in low- and middle-income countries (LMICs) and investigate
methods of mitigating some of those exposures. The first of the original research chapters,
Chapter 2: Exposures, identifies and quantifies the relative impact of key sources of lead
exposure in LMICs. Chapter 3: Outcomes calculates the burden of disease attributable to
some of the exposures described in Chapter 2. Finally, Chapter 4: Mitigation presents a
series of case studies to describe methods employed to mitigate exposures in LMICs. Finally
Chapter 5: Synthesis of Research integrates the main findings of the thesis and discusses their
implications for research and policy. Altogether, this thesis endeavours to present a coherent
approach of assessing, quantifying and mitigating lead exposure in LMICs.

Much of the research described was carried out in tandem with work for the USA-based non-
governmental organization Pure Earth where I serve as Chief Operating Officer. This position
has afforded me a unique opportunity to conduct primary research in multiple countries
jointly with our staff and partners, who have been included where appropriate as co-authors
in research outcomes. My role has also enabled me to execute several risk mitigation
projects, some of which are documented in this thesis.
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collection. Taylor assisted with the writing of the manuscript. Susilorini, Crampe, and
Fuller assisted with project direction.

Ericson, B. (60 %), Otieno, V.O. (15 %), Nganga, C. (5 %), St. Fort, J. (5§ %) and Taylor,
M.P. (15 %) (2019). Assessment of the Presence of Soil Lead Contamination Near a Former
Lead Smelter in Mombasa, Kenya, Journal of Health and Pollution, 9(21), 190307.
e BE conducted the fieldwork, the statistical analysis and modelling, and wrote the
manuscript. Otieno assisted with fieldwork. Taylor assisted with the writing of the
manuscript. St. Fort and Nganga assisted with the direction of the project.

Bose-O’Reilly (40 %), S., Yabe, J. (20 %), Makumba, J. (10 %), Schutzmeier, P. (10 %),
Ericson, B. (10 %), & Caravanos, J. (10 %) (2018). Lead intoxicated children in Kabwe,
Zambia. Environmental Research, 165, 420-424.
e Bose-O’Reilly lead the overall authoring of the project assisted by Schutzmeir.
Primary data collection was conducted by BE, Makumba, Yabe, and Caravanos.

Chapter 3: Outcomes

Ericson, B. (65 %), Landrigan, P. (20 %), Taylor, M. P. (2.5 %), Frostad, J. (5 %),
Caravanos, J. (2.5 %), Keith, J. (2.5 %), & Fuller, R. (2.5 %) (2016). The global burden of
lead toxicity attributable to informal used lead-acid battery sites. Annals of Global

Health, 82(5), 686-699.

e BE designed the study, developed the statistical model, and wrote the manuscript.
Landrigan assisted with authorship of the manuscript. Frostad assisted with the
calculation of and provided data for Disability Adjusted Life Years. Taylor,
Caravanos, Keith, and Fuller contributed to the conceptual development of the study.

Estrada-Séanchez, D. (40 %), Ericson, B. (40 %), Juarez-Pérez, C. A. (2.5%), Aguilar-
Madrid, G. (2.5 %), Hernandez, L. (5 %), Gualtero, S. (5 %), & Caravanos, J. (5 %) (2017).
Pérdida de coeficiente intelectual en hijos de alfareros mexicanos. Revista Médica del
Instituto Mexicano del Seguro Social, 55(3), 292-299.

e Estrada-Sanchez and BE jointly carried out the fieldwork, conducted the modelling,
and wrote the manuscript. BE translated the manuscript, originally published in
Spanish, to English for inclusion in this thesis. Juarez-Pérez, Aguilar-Madrid,
Gualtero and Hernandez assisted with writing. Caravanos assisted with modelling.

Ericson, B. (50 %), Dowling, R. (12.5 %), Dey, S. (2.5 %), Caravanos, J. (2.5 %), Mishra,
N. (2.5 %), Fisher, S. (5 %), Ramirez, M. (5 %), Sharma, P. (2.5 %), McCartor, A. (2.5 %),
Guin, P. (2.5 %), Fuller, R. (2.5 %) & Taylor, M. P. (10 %) (2018). A meta-analysis of blood
lead levels in India and the attributable burden of disease. Environment International, 121,
461-470.
¢ BE conducted the literature review, data extraction and synthesis, and wrote the
manuscript. Dowling assisted with writing the manuscript, conducted the literature
review and data extraction. Taylor assisted with authorship of the manuscript.
Ramirez and Fisher conducted the literature review and data extraction. Dey, Mishra,
Sharma, McCartor, Guin, and Fuller conceived of the study and assisted with



authoring of the manuscript. Caravanos assisted with study design and authoring of
the manuscript.

Caravanos, J. (15 %), Carrelli, J. (50 %), Dowling, R. (15 %), Pavilonis, B. (5 %), Ericson,
B. (10 %), & Fuller, R. (5 %) (2016). Burden of disease resulting from lead exposure at toxic
waste sites in Argentina, Mexico and Uruguay. Environmental Health, 15(1), 72.
e Carrelli designed the study, conducted the statistical analysis, and authored the
manuscript. Caravanos, Dowling, Pavilonis, and BE assisted with the study design
and authoring of the manuscript. Fuller assisted with overall direction.

Chapter 4: Mitigation

Ericson, B. (55 %), Duong, T. T. (2.5 %), Keith, J. (2.5 %), Nguyen, T. C. (2.5 %), Havens,
D. (2.5 %), Daniell, W. (5 %), Karr, C.J. (5 %), Ngoc Hai, D. (2.5 %), Van Tung, L. (2.5 %),
Thi Nhi Ha, T. (2.5 %), Wilson, B. (2.5 %), Hanrahan, D. (2.5 %), Croteau, G. (2.5 %),
Taylor, M.P. (10 %), (2018). Improving human health outcomes with a low-cost intervention
to reduce exposures from lead acid battery recycling: Dong Mai, Vietnam. Environmental
Research, 161, 181-187.

e BE led the design and execution of the intervention, conducted statistical analysis,
and wrote the manuscript. Daniell, Karr, and Taylor assisted with the authoring of the
manuscript. The remaining authors played substantive roles in the execution of the
project.

Heacock, M. (40 %), Trottier, B., Adhikary, S., Asante, K. A., Basu, N., Brune, M. N, ...
Ericson, B (5 %) ... & Chen, A. (2018). Prevention-intervention strategies to reduce
exposure to e-waste. Reviews on Environmental Health, 33(2), 219-228.
e Heacock wrote the manuscript. The remaining authors (n=30) contributed to either the
primary research or conceptual design. Of the five projects described as case studies,
two were managed by BE.

Ericson, B. (70 %), Caravanos, J. (5 %), Depratt, C. (2.5 %), Santos, C. (5 %), Cabral, M. G.
(5 %), Fuller, R. (2.5 %), & Taylor, M. P. (10 %) (2018). Cost Effectiveness of
Environmental Lead Risk Mitigation in Low-and Middle-Income Countries. GeoHealth, 2(2),
87-101.
e BE conceived of the research, carried out fieldwork, managed the intervention,
conducted statistical analysis, and authored the manuscript. Caravanos, Depratt,
Santos and Cabral carried out fieldwork. Taylor assisted with authoring the
manuscript. Fuller assisted with overall direction of the project.



Acronyms

BLLs — Blood lead levels

CDC — United States Centres for Disease Control and Prevention
CEA — Country Environmental Assessment

DALY — Disability adjusted life year

GAELP — Global Alliance to Eliminate Lead Paint

GBD — Global Burden of Disease

GEF — Global Environment Facility

IHME — Institute for Health Metrics and Evaluation

IMSS — Mexican Social Security Institute

LMICs — Low- and middle-income countries

MEA — Multilateral environmental agreement

NGO — Non governmental organization

NIOEH — National Institute of Occupational and Environmental Health (Vietnam)
pg/dL — microgram per decilitre

OECD - Organization for Economic Cooperation and Development
POP — Persistent Organic Pollutants

SAICM - Strategic Approach for International Chemicals Management
TEL — Tetraethyl Lead

UNEP — United Nations Environment Programme

USD — United States Dollar

USEPA — United States Environmental Protection Agency

WHO — World Health Organization

List of Tables and Figures

Chapter 1
Figure 1. Galena, p.9

Figure 2. Historical lead production in ‘years before present,” p.11
Figure 3. Increasing interest in lead, p.14

Figure 4. Informal lead smelter, Bogor, Indonesia, p.16

Figure 5. Informal ULAB processing in Dhaka, Bangladesh, p.17
Figure 6. Semiformal ULAB processing in Dong Mai, Vietnam, p.18
Figure 7. Semiformal ULAB processing in Tegal, Indonesia, p.19

Chapter 5
Figure 1. Percent growth of manufacturing, p.172

Figure 2. Pooled mean BLLs (ug/dL) and standard deviations of children in multiple
countries (Paper 1), p.173

Table 1. List of studies in this thesis, associated chapter, and major contribution to the thesis,
p.172

Figure 3. Forest plot of subsamples evaluated in Paper 9 (ug/dL) p.179

Figure 4. Decreases in median BLLs of children within a year of the intervention in Dong
Mai, Vietnam, p.182

Figure 5. Soil lead concentrations in the Chowa neighbourhood of Kabwe, Zambia, p.187
Table 2. Blood and bone lead concentrations corresponding to adverse health effects., p.188



Appendices

Appendix A — Paper 7 original version published in Spanish

Appendix B — Using existing field X-ray fluorescence data to calibrate multi-spectral images
of contaminated sites for semi-quantitative remote sensing of lead contamination in soil:
The test-case of legacy mining in Kabwe, Zambia

Appendix C — Remote sensing workshop concept note

Appendix D — Link to supplemental materials

1. Chapter 1: Introduction
1.1. Galena

Ore is a term used in mining to refer to a material imbedded with something valuable. In
mineral extraction, ore is processed through mechanical and chemical methods leaving a
small amount of something valuable, and a large amount of something else. In the case of
gold, one of the highest grade mines in the world (Fosterville, Victoria, Australia) contains
ore that is up to 0.000215 % gold, and 99.999785 % something else.!? The ore is extracted
from the ground, pulverized, and processed to concentrate the gold. What was once mostly
rock and only 0.000215 % gold is now perhaps > 99 % pure. That small amount of material
attracts a price sufficient to support one of the more complex mining operations in human

history. The something else is left in above-ground piles next to the mine.

All metals are extracted from different ores. Aluminium ore is called bauxite, named after a
village in Provence, France, and containing about 15-25 % aluminium. Polished bauxite is
visually distinct; a lattice of various shades of orange and brown. Mercury ore is called
Cinnabar. It has a deep red lustre and is composed of mercury bound up with sulphur. The
Chinese decoratively carved Cinnabar for millennia; deep red marbleized vases, tobacco
snuff jars. Other ores are less romantic: iron ore is called iron ore and looks like a common

stone (and sometimes is). Titanium ore is called titanium ore, and so on.

The primary ore from which lead is extracted is called Galena. Galena is 3-8 % lead bound
up with sulphur and sometimes contains silver. It is both dull in parts and glossy in others. It

is angular and heavy. It feels expensive.



Lead has been used by
humans since perhaps 7000
BCE.3 There are or have
been lead mines on every
continent except Antarctica.
The ore is extracted,
pulverized, combined with
pine oil and frothed in water.
The o1l wraps itself around
the lead and floats on the
surface of the froth. Then the
lead, the second most dense
metal on the planet, is

skimmed off the top. It is

heated, but not melted, to

Figure 1. Galena. The primary ore from which lead is remove residual sulphur and

extracted.
form a solid lump of

material. The lump, called sinter, is then roasted at 1,300-1,400 °C in a furnace and
combined with a source of carbon (i.e. coke). At this high temperature, oxygen is removed
from the sinter by combining with the carbon in the coke, forming carbon dioxide or carbon
monoxide. The same occurs with the sulphur, forming sulphur dioxide gas. This is
immediately discernable when in the presence of a lead furnace with inadequate ventilation.
Eyes and lungs are uncomfortably irritated. The molten lead, now > 95 % pure, is tapped
from the bottom of the furnace and taken for more processing (i.e. more refining to remove

residual impurities) before being cast into ingots, cooled, and sold.

1.2. The father of all metals

Freed from its ore, elemental lead is malleable, dense, heavy, corrosion resistant, and highly
conductive of electricity. It can be sweet to the taste. When melted in a ceramic glaze it
provides a lustrous waterproof coating. Ground up in a powder it can be a striking skin
cosmetic, hair dye, or paint pigment. It is easily melted down and reformed, which can be
done an indefinite number of times. Lead from batteries can be formed into fishing weights,

which can be melted into bullets, which can be flattened into roofing tiles, which can be used



again in batteries, and so on. After steel, lead is the most highly recycled material in the

world; more than aluminium; more than copper; more than paper.*

Lead is also highly toxic. Lead exposure most commonly occurs when small particles are
ingested. In children, perhaps 50 % of ingested lead is absorbed; mistaken by the body as
calcium, it crosses the blood brain barrier and impedes the development of grey matter. Lead
exposed children are more likely to have lower 1Qs, be more violent, less educated, and earn
less money.>® Lead can cause gout and hearing loss in adults.” Lead is also a killer: acute
exposures killed nearly 1,000 children in Nigeria in 2012; chronic exposures kill 1 million

adults every year, accounting for 2 % of global deaths.'%-!!

It is this duality, lead’s utility and toxicity, that defines the history of our interaction with it. It
is both irreplaceable and deadly in ways that perhaps no other material we use is. Lead was
referred to by ancient Romans as the ‘father of all metals’ and by French during the

Renaissance as a poudre de la succession (succession powder), owing to its use as a poison.'?

Lead was not widely employed until classical antiquity in Rome around 700 BCE, though its
first use was likely millennia earlier. Roman applications included plumbing (a term derived
from the Latin name plumbum, hence the atomic notation Pb), cosmetics, food storage and
preservation, and wine making. Processed sugar was not common in ancient Rome. Thus lead
acetate, which is very sweet, provided an obvious utility.!*!* Lead’s toxicity was first
documented by Hippocrates in the third century BCE who described colic in highly exposed
people.'*!> Famously, Nriagu attributed the collapse of the Roman empire to adverse
neurological outcomes associated with lead’s toxicity, though this claim has been elsewhere

disputed.'®!7
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When lead is smelted, or
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Figure 2. Historical lead production in ‘years before present,’

from Hong et al (1994).%° human health, but they

can provide a useful
measurement of how much lead has been released into the atmosphere over time. This is
particularly the case in the poles, where annual freeze-thaw cycles result in a tree ring-like
structure in ice dating back hundreds of thousands of years. Thus it is possible to determine
the tonnes of lead smelted in ancient Rome 2,500 years ago by evaluating the nanograms of
lead 500 meters down in the artic ice today. Murozumi, et al. (1969) were the first to do this
with regard to lead. Comparing contemporaneous measurements with pre-Roman deposition,
the authors found a 300-fold increase in the amount of lead bound up in the ice.!® Recent
studies have been able to achieve incredible granularity in the data, tracking large increases in
lead emissions to the Roman Empire and subsequent decreases associated with reduced

production during plagues in the 1% and 3% centuries ACE, for example.'’

1.3. Twentieth Century releases of lead and resulting exposures

The story of humans’ interaction with lead changes most dramatically in the 20% century as
production increased by a factor of > 10. Where previous production of lead peaked in
ancient Rome at ~80,000 tonnes/ year, global production by 1970 was over 4.6 million
tonnes/ year.?%?! Importantly, this does not necessarily indicate a proportionate increase in
human exposure. While some level of contamination is present at nearly all lead smelters,
exposure is often determined more by the application once lead leaves the facility. For
mstance, lead used in food containers clearly presents a greater exposure risk than lead used

to shield dentists from X-rays.
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In December 1921, a team led by a 32-year old mechanical engineer named Thomas Midgley
initiated one of the largest chemical poisoning of humans ever documented. The team was
working for General Motors to solve the problem of engine knock. In short, engine knock is
the combustion of fuel outside of its intended time window. In the internal combustion
engine, a piston compresses fuel and air within a cylinder. At maximum compression (i.e.
top-dead-centre), a spark plug ignites, combusting the fuel and driving the piston downward.
This forces a separate piston upward to compress fuel and air in a different cylinder. Another
spark plug in that cylinder causes combustion, in turn driving the cylinder down, and so on.
Combustion outside of this window, either early or late, can result in a pinging sound in mild
cases, to engine failure in severe ones. Thomas Midgley and his team solved this problem by
adding tetraethyl lead (TEL) to the fuel-air mixture, which suppressed combustion outside of

top-dead-centre and eliminated engine knock.??

Tetraethyl lead (TEL) is organic, meaning it contains a carbon atom. Unlike metallic lead, it
is readily absorbed by the skin. It is fat soluble and moves through the body more easily than
metallic lead 2°. By handling the material in a laboratory setting, Midgely himself was
overcome with symptoms of lead poisoning and forced to cancel several speaking
engagements after having worked with TEL for just 12 months. Ironically, these
engagements were in honour of his TEL discovery.?? A year later in Bayway, NJ, USA more
than 300 workers began to suffer from convulsions and hallucinations at one of the first
facilities to industrially produce TEL. Five workers died from the exposure, which lasted

only a few months.?*

From TEL’s first use as a petrol additive in Midgely’s laboratory to its eventual global phase-
out in the early 21% century, more than 10 million tonnes of lead were combusted and emitted
from car engines around the world . Because of their comparably larger cars, high rates of
ownership, and long distances driven, Americans were the most heavily impacted, accounting
for consumption of more than 80 % of the leaded petrol used before 1980.'° TEL was
eventually phased out in the US with the introduction of the catalytic convertor, which was
rendered useless by the lead additive. Lead was found to bond with the various catalysts in
the converter, inhibiting contact with the exhaust.?® Thus contrary to intuition, TEL was not

phased out for public health reasons in the US, though the benefits were significant.
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From 1976 to 1980 mean blood lead levels (BLLs) in the US fell 37 %, from 15.8 pg/dL to
10 pg/dL.?” Mean BLLs continued to decline rapidly through the 80s and 90s and are today <
1 png/dL.?8 For context, the current US Centers for Disease Control and Prevention (CDC)
reference level is 5 ug/dL, when CDC recommends public health interventions.?” Other
phase-outs of TEL followed globally. Rich countries did so voluntarily; most low- and
middle income-countries (LMICs) were compelled to do so through conditional loans from

the World Bank.3%! At present, only Algeria still adds lead to automobile petrol.>?

The economic and social implications of TEL were staggering; increased violent crime,
billions of lost IQ points, perhaps more deaths in the US than those caused by tobacco use.**
35 The CDC estimated that children born each year after the phase-out would add an
additional USD 110-319 billion more to the American economy over their lifetimes than
children born before the phase-out.” A similar analysis globally found an additional USD 3.4

trillion added annually to the global economy, owing to phase-outs elsewhere.®

Lead-based residential paint too had a disproportionate impact on the United States. Banned
in much of Europe and Australia, lead-based paint was used widely in the US until it was
phased out beginning in 1971.%7 In the absence of bans, the availability of cheaper
alternatives like titanium dioxide reduced lead use in the US beginning in the 1930s, though
in total perhaps as much lead was used in paint as petrol in the 20 century.*® Exposure to
lead-based paint occurs most commonly when coatings deteriorate and become ingested as
dust.?® Thus, as coatings deteriorated decades after application, exposure likely increased.
This coincided with the development of new analytical approaches in the 1960s like atomic
absorption spectrometry which facilitated blood lead monitoring.!* New York began limiting
the use of lead-based paints in 1955, while Chicago began the nation’s first BLL monitoring
program in 1966.374° Given its widespread application and high cost of removal, lead-based
paint remained present in most homes for decades. A study in 2002 found that 40 % of

American homes still had lead-based paint somewhere in the building.*!

Episodic outbreaks of lead poisoning still occur in high income countries. A water
contamination issue in Flint, Michigan garnered international attention. Lead exposure in
public housing in New York City triggered a partial takeover by the Federal government.*?
Broken Hill and Port Pirie still experience extremely high levels of lead exposure in children,

with ~50% of children < 5 years having BLLs > 5pg/dl.**** Though, broadly speaking,
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societal lead poisoning in high income countries has been effectively eliminated. Blood lead
levels in Flint were not commonly reported as mean values; but as the percentage above the
CDC reference dose of 5 pg/dL. Approximately 5 per cent of area residents exceeded this
level at the peak of the crisis in 2015, compared with 2.5 % before.*> By way of comparison,
in 1976 as leaded petrol was beginning to be phased out, 99.2 % of all Americans exceeded 5
ng/dL %6

1.4. New Sources of Lead Exposure

Despite the cessation of these major sources of exposure, lead production is increasing at a
faster rate now than at any time in past 100 years. In 2013, 10.6 million metric tonnes of lead
were produced globally — more than twice the amount in 1975 when leaded petrol began to
be phased out.?’*” Most of this lead — 85 % — is used in battery production, and most of those
batteries are being made, bought and sold in LMICs.?!
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The impacts of this industrial transition are not well understood. Anecdotal reports of acute
community-wide lead poisoning are beginning to appear in the literature with greater
frequency. From the decade 1990-2000, 10 articles are listed in PubMed against the terms
‘blood,” ‘lead,” and ‘recycling.” From 20002010, there are 38. In the most recent decade,
110 articles are listed. By contrast, only a single study listed in PubMed from the 1970s

meets these criteria.*®

There has also been a sharp increase is the price of lead, closely tracking the commodity
boom.* Unlike other commodities however, lead has remained expensive, driven by real
demand for automotive batteries. The number of new automobiles being sold in LMICs more
than tripled from 2000 to the present.’® Batteries have shorter lifespans in the warm climates
of LMICs, which tend to cluster around the equator.’!->? Local replacement batteries can have
poor build quality and even shorter lifespans. In general, a lead acid battery in an LMIC may
last about 2 years. Electric bikes, backup power supplies, deep-cycle batteries in solar arrays
— all are increasing in lockstep, collectively forming a massive reservoir of accessible,

valuable lead.

1.4.1. Informal Sector Industry

The term ‘informal sector’ is generally attributed to the British anthropologist Keith Hart who
developed it in response to the complex nature of work he encountered in Ghana in the
1970s.>3 Broadly, it defines the portion of a given economy that is not regulated by the state.
It is an oddly comprehensive term, essentially describing what businesses do not do: informal
sector businesses generally do not pay taxes; they do not provide or receive benefits; comply
with relevant social, environmental, or health and safety laws. Illicit drug dealers are
members of the informal economy, as are ‘off-the-books’ day-care centres and street
hawkers. The informal sector comprises nearly 20 % of global GDP and more than 30 % of
global employment. The size of the informal economy in a given country is strongly
associated with its income; poor countries generally have larger informal sectors. OECD

countries are ~15 % informal; Africa is > 40 % informal.>*
‘Informal’ does not apply exclusively to work. Housing, too, can be informal. More than 30

% of the world’s urban population lives in slums — illegal housing typically without tenure. In

LMICs, more than 60 % of urban residents live in slums.>® Informal housing is not zoned, or
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at least the zoning laws are not enforced. Slums are built in the margins - underutilized land
between industrial estates, on river beds, in swamps and along train tracks and highways.
Slums are heterogeneous and vibrant; entire cities symbiotically coexisting within their

formal counterparts. There are churches, bakeries, schools and playgrounds.

In rare cases, informal industry is allotted land where it can operate away from residential
areas.’%>” Separating industrial activity from residential areas is of course common in high
income countries. Cities are zoned to separate heavy from light industry, light industry from
commercial, commercial from residential, and so on. Environmental standards stem from this
zoning. The USEPA screening level for lead in industrial soil is 1,200 mg/kg, for instance,
three times that for residential play areas.’® When not allotted a space for their work, informal
businesses invariably find one. Slums provide an obvious relief from regulatory oversight,
can be affordable and convenient. Thus, much of informal industry occurs in residential

areas; in backyards, living rooms, and converted flats.”* %2

1.4.2. Used Lead Acid Batteries

Informal lead recycling is
uncomplicated. At its most basic an
informal smelter is comprised of a hole
in the ground, a limited number of
mstruments for ladling and casting
molten lead, and a machete. Nearly all
feed stock for secondary lead smelters
1s comprised of used lead-acid batteries

(ULABS). Lead-acid batteries have a

range of applications with minor

Figure 4. Informal lead smelter, Bogor,
Indonesia differences made to the basic design.

Starting, lighting, and ignition batteries
provide high amperage in a short period for the purpose of turning over an engine. Deep
cycle batteries hold a charge a long time and deliver far fewer amps, making them ideal for

solar arrays. Truck batteries are big, motorcycle batteries are small.
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All lead-acid batteries follow the same basic design developed in France in the mid-19
century. Alternating lead (negatively charged) and lead oxide (positively charged) plates
reside in a sulphuric acid bath, separated by dividers. When the positive and negative
terminals are connected, electrons move through the bath from one plate to the other. This
transfer of electrons forms an amorphous sulphate coating on the outside of the plates,
eventually limiting any further chemical reactions. When the battery is recharged, the reverse
occurs. The amorphous lead sulphate 1s dissolved and the plates are converted back to lead
oxide and lead. Over multiple discharge and charge cycles, lead sulphate crystals form on

both plates, rendering them useless.

In an informal smelter, batteries are cracked open with a hand axe or machete and the sulfuric
acid solution is released onto the ground. The plastic dividers are peeled from the lead plates
and deposited in waste piles near the site or burned as fuel. The hole in the ground, about 30
centimetres deep, is filled with charcoal and ignited. Lead plates are then placed in the hole,
melted and stirred. Because lead is so dense, impurities such as the lead sulphate crystals,
float to the top of molten mixture and are skimmed off. The molten lead is then ladled into
ingot moulds, cooled, and sold. In most countries, these ingots are bought by formal sector

actors, though informal battery production is common in others.

Figure 5. Informal ULAB processing in Dhaka, Bangladesh
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A typical car battery contains ~10 kg of lead, worth about USD 20 in 2018. Informal
recyclers purchase used batteries from a network of brokers, mechanics, and end users.
Because informal operators avoid the some of the more significant costs associated with
running a lead smelter—pollution controls and worker health and safety—their profit per unit
1s greater than their formal counterparts. They can therefore afford to pay a higher price for
individual batteries. It follows then that a perennial complaint of formal smelters is the lack
of batteries to meet full capacity.5>** However, given that many smelters also manufacture
batteries, purchasing lead from the informal sector can function as a regulatory back door,
allowing these companies to sidestep some of the costs associated with environmental

compliance.

Within informal recycling facilities, the exposures are horrific. Pulverized lead powder is
madvertently ingested and vapours are inhaled. The ground 1s uniformly darkened by
sulphuric acid. Workers become coated in the material; carrying it home on their skin, their
clothes and in their hair. As they walk through their communities they deposit micrograms of
lead onto area surfaces. In their homes,
they deposit the balance. Children of
smelter workers in LMICs almost
invariably have dangerously high levels of
lead in their bodies.®*~%7 In the most severe
cases, lead is processed within the home.

One notorious example resulted in the

deaths of 20 children in Senegal in 2012,

Figure 6. Semiformal ULAB processing in
Dong Mai, Vietnam

though the practice is not uncommon.®®

Aerosols arising from the rudimentary smelters quickly cool and fall to the ground. Soil
concentrations are highest at the site and taper off radially for about 100 m. That deposited
lead resides in the top 2.5 ecm of soil more or less indefinitely.>’! The lead-rich particles are
transported as windblown dust and inhaled. Lead dust is typically too large to penetrate the
lungs and 1s moved by cilia to the throat where it is ingested. Once there, it 1s partially
dissolved and taken into the blood. Lead is stored in bone. Broken bones in adults can lead to

a spike in BLLs from a childhood exposure decades earlier.’
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The Indian Lead Zinc Development Association estimates that informal recyclers process
more than 50 % of secondary lead in that country.%* A paper published as part of this thesis
extends this number to apply to all secondary lead processed globally, based on interviews
with industry experts and automobile production data (Paper 6). These estimates would not
be captured in official statistics given above and therefore imply that in reality much more
lead 1s being recycled than is reported. Whatever the amount being processed in the informal
sector actually is, it 1s certainly very large.
Most of that lead is reused in batteries,
though there are leakages to other
applications. Lead from battery recycling
1s used as an adulterant in spices and illicit
drugs, as a glaze in roofing tiles and

traditional pots, and in fishing weights.”>~

5 1t is also used in metal cookware.”® Lead

Figure 7. Semiformal ULAB smelting in
has a low specific heat, meaning it stays Tegal, Indonesia

hot for a long time. Aluminium is the
opposite. A scourge of informal pot makers
1s the rapid congealing of molten aluminium before it fully penetrates the cast. The addition

of lead keeps the molten aluminium hotter longer and eliminates this issue.

1.4.3. The international response

The steep increase in production and use of lead in LMICs is distinct in its reach and
exposure risk. Human beings have simply never processed lead in their homes at such a scale
before. However, current efforts to monitor and mitigate the issue are limited. The Institute
for Health Metrics and Evaluation (IHME), based at the University of Washington (Seattle,
USA) 1s the global leader in the collection and presentation of health data. In 2018, IHME
signed a memorandum of understanding with the World Health Organization (WHO) to
cooperate in the development of annual global burden of disease estimates, effectively
making THME the official source of these statistics.”” Due to of the dearth of health reporting
globally — only 33 % of global deaths are certificated — IHME supplements existing data with
complex modelling.”® In the case of lead, their model begins with a literature review of
published blood lead data. The literature review from the most recent analysis included 553

studies spanning the years 1970-2016. Looking at the period 2010-2017, IHME utilized 88
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studies from 27 countries.” On its surface, the review does not seem to be comprehensive.
As context, a systematic review included in Paper 1 of this thesis extracted data from 477

articles from 50 countries for the period 2010-2018.

The results of IHME’s literature review are then used with four other covariates to estimate
BLLs for all countries. These are then used as the basis of calculations of the attributable
disease burden. One of the covariates is gender; women have fewer red blood cells (where
lead resides) than men and accordingly lower BLLs.*° Significantly, all three other covariates
relate to the influence of a single source: leaded petrol. At present, no other environmental
inputs are considered beyond what are inherently included in the literature review. This is
important because leaded petrol was phased out in most countries more than a decade ago,

though other sources are common, particularly in LMICs.

International efforts to mitigate lead exposure, like those to accurately quantify its health
impacts, are somewhat limited and poorly resourced. The most recent WHO report on lead,
which focuses on used lead acid battery recycling, was published in 2017. The report that
preceded it was released 2010, is 5 pages long, and lists petrol as a key source of exposure.
The United Nations Environment Program’s lead department currently consists of two
researchers and an intern, whom also work in other areas. The only international funding
mechanism to mitigate lead exposure is the Global Environment Facility (GEF), which is by
mandate restricted to funding multilateral environmental agreements (MEAs). Given that an
MEA does not exist for lead, the GEF had to make an exception under the Persistent Organic
Pollutants window at the urging of the Global Alliance to Eliminate Lead Paint. In the most
recent funding cycle (2014) the GEF distributed USD 1.8 million in grants to mitigate lead-
based paint exposures, of a USD 4.4 billion budget.

1.5. Methods

It is difficult to know the size of something we are not measuring, or to deal with a problem
that we know little about. This thesis seeks to begin to quantify the exposure risk presented
by lead in LMICs and to explore methods to mitigate the most severe cases. It does this
through five chapters. The first is the present introductory chapter, which provides context to
the overall thesis. In Chapter 2 (Exposures) three risk assessments are grouped with a

systematic review and a modelling exercise. The purpose of the chapter is to elucidate the
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sources of exposure and to understand their reach and severity. Lead acid batteries are
examined, as is lead-based paint, mines, and smelters. The chapter includes two studies of
issues that received significant international attention, though presented a limited exposure

risk. The intention here is to underline the importance of data in formulating a response.

Chapter 3 (Outcomes) attempts to quantify the disease burden attributable to these exposures.
This is done primarily through the calculation of Disability Adjusted Life Years (DALY's)
and comparisons with IHME’s results. When the data are amenable to direct comparison, the
results highlight illuminating differences in the methods. In the India meta-analysis
conducted as part of Paper 9 for instance, the DALY estimates for adults are within the
margin of error. By contrast, our estimates for Indian children highlight a near absence of a
lead-attributable disease burden in IHME’s report on this population. This has been partly

corrected for in their most recent analysis, though is still likely too conservative.!!

Chapter 4 (Mitigation) details risk mitigation work in LMICs through different projects BE
has managed. The projects are associated with informal ULAB recycling and e-waste and
were executed in four different countries. Three of the projects described resulted in
significant declines in the biological burden of lead in affected children. Given the near
absence of lead risk mitigation work in LMICs, this chapter has the twofold intent of
providing guidance for other implementers and making the case that the problem can be cost

effectively mitigated.

The major results are presented again in a concluding chapter (Chapter 5). Here, the disparate
discussions from preceding chapters are synthesized into a more holistic argument. There are
several themes woven throughout the chapter. The three overarching arguments are that the
lead-attributable burden of disease in LMICs is very large, that the sources are distinct from
high income countries, and that cost effective, locally appropriate solutions can be applied.
These arguments are rooted in empirical evidence from environmental and health sciences.
Together they are intended to provide some indication of a way forward. The fourth argument
is that the current international response to the issue of lead exposure in LMICs does not
necessarily reflect the de facto nature and severity of those exposures. This argument is based
on an evaluation of current disease burden estimates and a review of existing relevant
programs. It is made throughout the studies presented in the thesis, and synthesized to

conclude Chapter 5.
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2. Chapter Two: Exposures

Chapter 2 consists of the following 5 studies:

2.1 Ericson, B., Nash, E. Sinitsky, J., Masek, V, Ferraro, G & Taylor, M.P. (2018).
Sources of lead exposure and resulting blood lead levels in low- and middle-income
countries: a systematic review and meta-analysis. Submitted to Environmental
Research.

2.2 Dowling, R., Caravanos, J., Grigsby, P., Rivera, A., Ericson, B., Amoyaw-Osei, Y.,
... & Fuller, R. (2016). Estimating the prevalence of toxic waste sites in low-and
middle-income countries. Annals of Global Health, 82(5), 700-710

2.3 Ericson, B., Hariojati, N., Susilorini, B., Crampe, L. F., Fuller, R., Taylor, M. P., &
Caravanos, J. (2019). Assessment of the prevalence of lead-based paint exposure risk
in Jakarta, Indonesia. Science of The Total Environment, 657, 1382-1388.

2.4 Ericson, B., Otieno, V.0O., Nganga, C., St. Fort, J. and Taylor, M.P. (2019).
Assessment of the Presence of Soil Lead Contamination Near a Former Lead Smelter
in Mombasa, Kenya, Journal of Health and Pollution, 9(21), 190307.

2.5 Bose-O’Reilly, S., Yabe, J., Makumba, J., Schutzmeier, P., Ericson, B., & Caravanos,
J. (2018). Lead intoxicated children in Kabwe, Zambia. Environmental
Research, 165, 420-424.
Chapter 2 provides the basis for the subsequent thesis chapters, which address the
quantification and mitigation of exposures in LMICs. The chapter presents context for the
research aims of this thesis. Specifically, blood lead levels in LMICs remain above
international thresholds, yet the sources of exposure are both poorly understood and distinct

from historical sources in high income countries

The five studies that comprise Chapter Two evaluate sources of lead exposure in low- and
middle-income countries (LMICs). The first study presents a systematic review and meta-
analysis of recently published literature on BLLs. Major sources of lead contamination and
their resulting biological burden are quantified. The second study in the chapter examines one
such source—contaminated land resulting from informal industry—and estimates its scale
across a single country based on a smaller subset of environmental samples. This paper
presents a possible method for dealing with the existing data gaps on the presence of

contamination sources in LMICs. The three remaining studies in Chapter 2 present data from
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in-situ assessments, evaluating routes of exposure to detail how lead behaves in human

environments.

2.1. Paper One

Ericson, B., Nash, E. Sinitsky, J., Masek, V, Ferraro, G & Taylor, M.P. (2018). Sources of
lead exposure and resulting blood lead levels in low- and middle-income countries: a
systematic review and meta-analysis. To be submitted to Environmental Health Perspectives.
This study completed the most extensive systematic review of the peer-reviewed literature on
lead exposure and its sources in LMICs to date. The review accessed the PubMed database
by searching with the keywords ‘blood,” ‘lead,” and ‘[country name]’ for each of the 137
countries in World Bank LMIC country groupings, yielding 10,093 articles. The articles were
then screened for pre-defined inclusion criteria relating to human exposure, which returned
477 papers containing 979 sampled populations (i.e. subsamples) from 50 countries
comprising 702,069 individuals who had been sampled as part of these studies. Data on the
source of exposure and biological concentration of each sample were extracted and pooled to

develop national BLL estimates.

This study examined a central theme of Chapter 2, which is that sources of lead exposure in
LMICs are distinct from historical sources in high income countries. The results enabled a
quantitative assessment of the established sources of exposure. In addition, the aggregation
and publication of the extracted data provides a valuable source for other researchers who
wish to evaluate lead exposure in LMICs, extending the benefit and life of the study beyond

the confines of this thesis.

Paper one is currently undergoing final QA/QC and will be submitted to Environmental
Research.
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Abstract

Few studies have systematically evaluated the academic literature to assess blood lead
levels (BLLs) in low- and middle-income countries (LMICs). Fewer have begun to
evaluate the attributable exposures. This review accessed the PubMed database by
searching with the keywords ‘blood,” ‘lead,” and ‘[country name]’ for each of the 137
countries in World Bank LMIC country groupings, yielding 10,164 articles. The
articles were then screened for pre-defined inclusion criteria relating to human
exposure, which returned 477 papers containing 979 sampled populations (i.e.
subsamples) from 50 countries comprising 702,069 individuals who had been
sampled as part of these studies. Data on biological concentrations were extracted and
pooled to calculate national BLL estimates. Data on sources of exposure were also
extracted when available. Background BLLs could be pooled for children in 32
countries and for adults in 36 countries. Altogether more than 670 million children
were calculated to have BLLs exceeding the CDC reference dose of 5 pg/dL in the 32
countries included.

1. Introduction

Naturally occurring concentrations of lead in the earth’s crust are below applicable
human health guidelines, with exposure resulting primarily from anthropogenic
contamination (Alloway, 2013; Environment Canada, 1999; Smith et al., 2013;
USEPA, 1998). Lead was first widely employed by humans during the Roman
Empire primarily in plumbing, food storage and as a sweetener and preservative in
wine (Needleman, 1999; Retief and Cilliers, 2010). Incidence of lead poisoning in the
Romans is well documented, with some researchers associating exposure with the
Empire’s decline (Gilfillan and Gillifan, 1965; Nriagu, 1983; Woolley, 1984). Lead
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continued to be used in food storage, plumbing and other applications for centuries.
Studies of Ludwig van Beethoven’s hair carried out using x-ray fluorescence
spectrometry have implicated lead exposure from wine containers in causing his
hearing loss and death, though these conclusions have been elsewhere disputed
(Barron, 2010; Mai, 2006; Stevens et al., 2013).

The addition of tetraethyl lead to petrol as an anti-knocking agent throughout the 20"
century resulted in the widespread distribution of lead onto surface soils globally (Ng
and Patterson, 1981; Nriagu, 1990). More than seven million tons of lead were
released by petrol in the United States from 1926 when it was introduced until 1985
when it was largely phased out, with at least an additional 2 million tons being
released in other countries (Nriagu, 1990). Largely as a result of those emissions,
present global surface soil concentrations in cities regularly exceed 200 mg/kg,
approximately 10-20 times natural background levels (Ajmone-Marsan and Biasioli,
2010; Alloway, 2013; Smith et al., 2013).

In high-income countries, a separate important contribution to human lead exposure
was made by lead-based enamel paints in residential housing, particularly in the first
half of the 20" century in the United States (US) (Jacobs et al., 2002; Needleman,
2004; Pirkle et al., 1998; Schwartz and Levin, 1991). As painted surfaces deteriorated
years after application, incidental ingestion of lead dust resulted in elevated blood
concentrations in children (Dixon et al., 2009). Several other sources of human lead
exposure in high income countries have included the use of lead in water distribution
systems, traditional medicines, mining and smelting complexes, and other industrial
processes (Brown and Margolis, 2012; Kristensen et al., 2017; Levin et al., 2008;
Spalinger et al., 2007).

Biological monitoring of human lead exposure is most commonly done through blood
lead level (BLL) measurements, though can also be quantified through assessments of
bone. Other biological media have not been evaluated to the same extent (US EPA,
2014). The half-life of lead in whole blood is approximately 30 days, thus BLLs
capture the level of exposure proximal to the time of extraction (ATSDR, 2007;
Chamberlain et al., 1978; Rabinowitz et al., 1976). This contrasts with bone lead
measurements which are better suited for assessments of chronic exposure; lead is
cumulative in bone, where it can reside for decades (Rabinowitz, 1991). Elevated
BLLs are associated with cognitive deficits, cardiovascular disease, liver and kidney
disease, hearing loss, gout, and multiple other adverse health impacts (US EPA,
2013).

In high-income countries, BLLs and sources of exposure for the general population
are relatively well understood. In the most rigorous case, the US Health Resources
and Services Administration adopted the American Academy of Pediatrics
recommendation to conduct regular BLL testing and risk assessment of children in
1998 (Raymond et al., 2014). At present, these recommendations call for risk
assessment by primary care physicians of all children at 9 months followed by BLL
screening at 12 and 24 months of age (Hagan et al., 2017). This data collection is
supplemented by a more comprehensive biomonitoring regime in a representative
sample of the US population through the National Health and Nutrition Examination
Survey (NHANES), which has been carried out since the 1960s and examines
approximately 5,000 people each year (Center for Health Statistics, 2017). European
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countries monitor BLLs to different extents, with the most comprehensive being
Germany (Rudnai, 2007). Canada collects a representative sample from the
population rather than census level coverage (Canada, 2013).

There have been several efforts to systematically review BLLs in low- and middle-
income countries (LMICs). In the absence of large government datasets like those
available in high-income countries, researchers have generally relied on reports in the
peer-reviewed literature. Horton, et al (2013) conducted a systematic review of
English language studies published between 20002012 containing children’s (< 18
years) blood and urine metals concentrations in 10 emerging market countries. The
authors presented the results of 76 studies, but did not endeavor to synthesize them
into a nationally representative value for each country. In most cases, the BLLs
identified exceeded US reference levels (Horton et al., 2013). Olympio, et al (2017)
reviewed papers published from 2000-2014 with children’s (< 18 years) BLLs in all
Latin American and Caribbean countries. In total, the authors extracted results from
56 papers in English, Portuguese and Spanish. Like Horton, et a/ (2013), Olympio, et
al (2017) presented the results for each study independently and did not endeavor to
synthesize the results into nationally representative values (Olympio et al., 2017). A
third study, completed by Attina and Trasande (2013), calculated the economic costs
associated with pediatric lead exposure in LMICs. As a basis for their calculation, the
authors extracted data from 68 articles published from 2000-2012 containing BLLs
for children. One sample used in their analysis included BLLs of individuals < 20
years, while the balance represented children < 14 years. In cases where their samples
spanned the implementation of leaded petrol bans, the authors adjusted BLLs
downward to reflect the removal of that source. Where more than one sample was
available in each country, the authors calculated sample size-weighted means using
methods developed by Fewtrell, et al (2003; 2004). They further used pooled sub-
regional levels to estimate BLLs in countries without any available data (Attina and
Trasande, 2013).

Finally, the Institute for Health Metrics and Evaluation (IHME) conducts a literature
review of BLLs as the basis for their annual Global Burden of Disease calculations.
Their most recent analysis included 553 studies spanning the years 1970-2016, with
345 being from LMICs. From the period 2010-2017, 88 studies from 27 LMICs were
utilized (IHME, 2018). The published BLLs are pooled and then adjusted for
covariates (i.e. traffic, urbanicity, gender, leaded petrol phase-out date) to calculate
national BLLs and the attributable disease burden in Disability Adjusted Life Years
(DALYs) and deaths.

Despite these efforts to systematically review the available data, it is possible that a
number of studies have not yet been included. Moreover, while previous studies have
calculated national BLL estimates for the purpose of calculating the attributable
disease burden, no study has yet to publish these estimates. The present effort
endeavored to both expand the scope of the literature review to a larger set of studies
as well as to publish nationally representative BLLs and supporting data. The purpose
is in part to aggregate the data in a format amenable to use by other researchers.

Additionally, no systematic review of BLLs in LMICs has yet to characterize sources

of exposure. This study reviewed publications for probable sources and provides the
results of that effort here. Finally, the study included only those data published after
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leaded petrol phase outs, thereby somewhat facilitating an assessment of exposure
levels from non-petrol sources.

2. Methods

2.1 Literature Review

A PubMed search was conducted in August 2018 using the search terms ‘[country
name]’ (all fields, Medical Subject Headings [MeSH] terms, abstract text) ‘blood’
(subheading, all fields, MeSH terms), and ‘lead’ (all fields, MeSH terms) for
publications dated between 1 January 2010 and 30 June 2018 (National Library of
Medicine (US), 1946). Low- and middle-income country names (n=137) were taken
from World Bank groupings (World Bank, 2016). The review was listed with the
PROSPERO International prospective register of systematic reviews maintained by
the UK National Institute for Health Research on 13 September 2018 (Ericson and
Nash, 2018).

Studies were reviewed for the following inclusion criteria:
1) contained BLL data from human populations residing in [country];
2) comprised at least 30 participants;
3) presented BLL data derived from venous, capillary, or umbilical cord
samples of whole blood (serum and plasma samples were excluded);
4) data must have been collected after 2005;
5) published in English.

Two reviewers (BE, EN) independently searched PubMed with the defined search
terms. In cases where searches returned 50 or fewer results, titles were reviewed in
the PubMed online interface. Titles that indicated that the study was relevant to the
effort were exported to a comma separated values (CSV) file. In cases where searches
returned more than 50 results, all titles were downloaded as a spreadsheet (CSV) for
review. Following a review of each title in the spreadsheet for relevance, keywords
were then used to identify any titles missed in the initial review. The following 18
terms were used as keywords: trace metals; Pb; e-waste; e waste; battery; workers;
paint; metal; pipes; smelter; mine; ceramic; candy; cosmetic; exposure; kohl; surma;
heavy metals. Due to the large number of studies examined and excluded at this stage
(n>9,000), exclusion reasons were not noted. In the case of one country, India, the
literature review was conducted by a single reviewer only (EN). The results of this
review were then compared with the results of a recent systematic review conducted
by BE (Ericson et al., 2018).

The abstract of each selected title was reviewed for relevance. When a study did not
meet the inclusion criteria, it was excluded and a justification was provided by the
reviewer. Each reviewer independently completed all steps in the review process,
with all unique studies being combined in a comprehensive list.

2.2 Data Extraction

In cases where the abstract indicated that the study met all the inclusion criteria, a
single reviewer (BE) extracted the following information where available: title;
author; year; location; population characteristics (gender, age); BLL statistics (central
tendency, dispersion, sample size); sources of exposure; and analysis method. In
addition, the nature of the exposure (i.e. background, occupational, non-occupational)
was captured.
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Subsamples were coded to different subgroups based on the subsample’s
characteristics. Subsamples with an abnormally high exposure (e.g. living near a
known hazardous waste site, applying surma/ kohl) were coded to the subgroup ‘non-
occupational.” Those drawn from general populations or used as controls in case-
control studies were coded to the subgroup ‘background.” Subsamples drawn from
worker populations with exposure to lead were coded to the subgroup ‘occupational.’

Where possible, BLLs were separated into adult/ child subsamples, and coded to the
appropriate adult or child subgroup. Where this was not possible, the subsample was
coded to subgroup ‘both.’ For the purpose of this study a child was defined as < 18
years of age, consistent with the UN Convention on the Rights of the Child (United
Nations General Assembly, 1989). Subsamples were also disaggregated by
occupation and source of exposure where those data were available. Subsamples were
disaggregated by gender only when a sample with both genders was unavailable. If
gender was not specified, subsamples were coded to subgroup ‘both.’

With regard to the identification of exposure sources, these were coded based on the
weight of the evidence provided. Studies with probable sources of exposure such as
communities living near identified contaminated hotspots or adjacent to industrial
areas, occupational exposures, or those with statistically significant associations
between BLLs and an environmental assessment or questionnaire were coded to
subgroup ‘probable.’ Studies that evaluated BLLs in a given population and that
provided possible sources of exposure based on a review of the literature rather than
an in situ assessment of exposure were coded to subgroup ‘possible.’ Studies that did
not define an exposure source were coded to subgroup ‘undefined.’ Studies were not
systematically evaluated for bias. Data from all studies meeting the inclusion criteria
were included.

As noted above, a single reviewer (BE) extracted data from all studies included. As a
quality control measure, the same reviewer then confirmed the descriptive statistics
for a single extracted subsample from each study. Where errors were identified, all
subsamples from the affected study were reviewed and corrected where necessary.

A team of reviewers (EN, JS, VM, GF) then divided and reviewed the entire extracted
dataset equally, correcting immaterial discrepancies independently, and reviewing
material findings with BE and EN.

2.3 Imputing Missing Data

Multiple studies did not provide sufficient statistical information for the pooling of
data. Specifically, arithmetic mean, standard error and standard deviation in
micrograms per deciliter (ug/dL) were required to pool data in the methods utilized
here. Where these data were unavailable a number of methods were employed to
impute these values. The selection of the appropriate approach was guided by
recommendations set out in Weir et al., (2018), where widely used methods for
imputing missing data were evaluated. These are described below.

2.3.1 Unit Conversions

The analysis was conducted using units in pg/dL, however studies presented results in
a range of different units. Where data were presented in pg/dL, no conversions were
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made. Where data were presented in pg/L or mg/dL, the order of magnitude was
adjusted appropriately to make the units consistent. Some data were presented in
umol/L. In these cases, the atomic weight of Pb?%® (the most common isotope, i.e.
207.966525) was used to make the conversion to the appropriate units (CRC
Handbook, 2018).

2.3.2 Arithmetic Means

Arithmetic means were imputed using a number of methods. These are presented here
in order of preference, with the most preferred presented first and the least preferred
presented last.

If the arithmetic mean was not available for a given subsample, the geometric mean
was used. If the geometric mean and arithmetic mean were not available, three
separate methods were employed to impute the arithmetic mean and are presented
below. The first two were taken from Wan, et a/ (2014) and improve upon widely
utilized approaches developed by Hozo, ef a/ (2005). Of the methods presented by
Wan, et al. (2014) the two utilized here provide the least biased results when dealing
with skewed data, as is typically the case with BLLs. In all cases:

a = the minimum value,
q; = the first quartile,

m = the median,

qz = the third quartile,

b = the maximum value,
n = the sample size.

In the most preferred scenario (1) the following data were available for the
subsample: qi, m, and q3. In this scenario, the following calculation was used to
estimate the arithmetic mean:

_ +m+
X:Ch mT (s
3
(1)
Where:

X=Subsample mean

In the second most preferred scenario (2) where the following data were available for
the subsample: a, m, and b. In this scenario, the following calculation was used to
estimate the arithmetic mean:

a+2m+>b

7=
4

2)
Finally, if only a median value was available, this value was taken to be equal to the
mean.

2.3.3 Standard Deviation
In cases where the standard deviation was not presented for a given subsample, it was
calculated by multiplying the standard error (if available) by the square root of the
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sample size in a manner consistent with the Cochrane Handbook (Higgins and Green,
2008). If neither the standard deviation nor standard error were presented, a series of
methods were employed to impute the standard deviation of the subsample, as above.
Similarly, these are presented in order of preference, with the most preferred
presented first and the least preferred presented last.

In the most preferred scenario (3) the following statistics were available for the
subsample: a, q1, m, g3, b, and n. In this scenario, the following calculation from Wan,
et al (2014) was used to impute the standard deviation:

b_ _
s=1+ e (n —a0.375) + 401 (Oc{:;ani 0.125)

n + 0.25 n + 0.25

3)
Where:
s=Standard Deviation of the subsample

®!(z)=the upper zth percentile of the standard normal distribution

In the second most preferred scenario (4), the following statistics were available for
the subsample: qi, m, and qs. In this scenario, the following calculation from Wan, et
al (2014) was used to impute the standard deviation:

93 — q1
0.75n — 0.125)
n + 0.25

S =

2071 (
4)

In the third most preferred scenario (5), the following statistics were available for the
subsample: a, m, and b. In this scenario, the following calculation from Wan, et a/
(2014) was used to impute the standard deviation:
b—a
s &

)

Finally, in the least preferred (6), where only the sample size and mean were
available, missing standard deviations were imputed based on the weighted average of
variances reported in other studies, following Ma, Liu, Hunter, & Zhang (2008).
Doing so relies on the assumption that samples are randomly selected from the same
population. Because of the large difference between background BLLs, and those of
non-occupationally and occupationally exposed groups, missing SEMs for each group
were calculated separately based on the reported and imputed values from their
respective group only. Standard errors (SEM) were imputed first then used to
calculate the standard deviation by multiplying the SEM by the square root of the
sample size, as described above. The following equation describes the process for
imputing missing SEMs from reported SEMs:

Sk SEM;
n;
(6)
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Where:
j = studies without published standard deviations
k = studies with published standard deviations

2.3.4 Standard Error

In cases where the SEM was not available it was imputed by taking the standard
deviation and dividing it by the square root of the sample size in a manner consistent
with the Cochrane Handbook (Higgins and Green, 2008).

2.4 Pooling Sample Means

Mean background BLLs were calculated at the country level for both children and
adults using two different approaches. The first approach follows Ericson, ef a/ (2018)
employing a random effects meta-analysis model using the metan tool in Stata 15.1
(StataCorp. LP, 2017). This tool utilizes the method presented by DerSimonian &
Laird (1986), weighting each sample mean by its SEM. Using this tool, a pooled
mean and 95% confidence interval were calculated for each country where data were
available.

The second approach (7) follows Trasande and Attina (2013) utilizing a method
presented by Fewtrell (2003). In this method, means and standard deviations were
transformed into their natural logarithms before being weighted by sample size.
Specifically, the log-transformed sample means are multiplied by their respective
sample sizes and summed. The sum was then divided by the sum of the sample size to
attain the average. Finally, the natural antilogarithm of the average was taken. Thus,
using this method the population arithmetic mean for each country was determined as
follows:

YIn(X)n
IJ_ = e Zn

(7)
To calculate the population standard deviation, the variance was first calculated by
squaring each sample standard deviation. The natural logarithm of the variance was
then taken and multiplied by the sample size, which was in turn divided by the sum of
the sample sizes to calculate the average. Finally, the natural antilogarithm of the
square root of the average was taken. The resulting equation (8) is as follows:

’Zln(sz)n
>n
oO=¢e

Mean BLLs by exposure setting and source were calculated using the second
approach only. Specifically, mean BLLs for background exposure, non-occupational,
and occupational settings for children and adults were calculated for each identified
exposure source.

(8)

Finally, if only one subsample was available for a given subgroup in a given country,
the values of that subsample were taken as representative of the country as a whole.

2.5 Calculating the Number of Children Above Threshold BLL Values
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Once a population mean BLL and standard deviation were determined for each
country, the number of children above certain threshold values was calculated. The
United States Centers for Disease Control and Prevention (CDC) currently utilizes a
reference level of 5 pg/dL for lead in children (Centers for Disease Control and
Prevention, 2017). This level represents the 97.5" percentile of NHANES evaluations
and was lowered from the previous reference level of 10 pg/dL in 2012 (Centers for
Disease Control and Prevention, 2017). In this study, the portion of children (0-14
years old) above each of these thresholds was calculated using country specific age
estimates provided by the Institute for Health Metrics and Evaluation (IHME) and the
mean and standard deviations calculated as described above (Forouzanfar et al.,
2016). In the case of one country, Kosovo, IHME does not provide population
estimates. Here the age distribution information from Serbia was used in combination
with a total population estimate provided by the World Bank (World Bank, 2019).
Given that BLLs tend to be log-normally distributed, the distribution of a population
above a threshold was calculated in Microsoft Excel 2018 using the following syntax
(Microsoft Corporation, 2018):

=1-(NORM.DIST(LN([threshold]),LN([mean]),LN([sd]),TRUE)).

2.6 Sensitivity Testing

Sensitivity testing was done to assess the relative influence of imputation methods
using the leave one out approach. In this case, imputation methods were reviewed
sequentially, with subsamples associated with each method successively removed or
reinserted in each run. Thus subsamples with arithmetic means imputed with eq. 1
were removed in the first run, though reinserted in the second, when those imputed
with eq. 2 were removed and so on. Variability in the results was assessed through a
series of paired t-tests against the full dataset. Sensitivity testing was carried out on
adult and child background BLL subsamples only.

2.7 Statistical Analysis

Data were aggregated, organized, and analyzed in Microsoft Excel 2018 (Microsoft
Corporation, 2018). The pooling of BLLs using method 1, from Ericson, et al (2018),
and t-tests were done using Stata 15.1 statistical software (StataCorp. LP, 2017).

3. Results

3.1 Results of the Literature Review

The PubMed search involved the names of 137 unique countries and returned 10,164
article listings. Of these, 9,189 were excluded during the title review of PubMed
listings, leaving 950 studies. During abstract review and data extraction an additional
473 studies were excluded. The final data set for analysis therefore included 477
studies with 979 sampled populations (i.e. subsamples) with a total population of
702,069 people from 50 countries. Table 1 summarizes the results of the literature
review by country.

As mentioned above, 473 studies were excluded during the abstract review and data
extraction stage. Of these, 335 were excluded based on the criteria given above and

here:

1) Did not contain BLL data from human populations residing in [country]
(n=72);
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e 46 animal studies;

e 24 studies were carried out on human populations residing in high
income countries (e.g. South Asian populations living in Toronto;
search for China returned Taiwan, a high-income country);

e 2 studies were carried out in a different LMIC than the one
searched. Both were conducted in Pakistan but were returned for
searches in both China and Pakistan. Those returned for China,
were coded as excluded. Those returned for Pakistan were
included.

2) Was not comprised of at least 30 participants (n=26);

3) Did not present BLL data derived from venous, capillary, or umbilical
cord samples of whole blood (serum and plasma samples were excluded;
n=159);

e 59 studies did not contain blood samples of any kind;

e 03 studies analyzed samples of serum or plasma;

e 37 studies did not contain analysis of lead concentrations.

4) Data were not collected after 2005 (n=23);

5) Not published in English (n=55).

In addition to those criteria listed above, a further 138 studies were excluded for
reasons other than those stated in the initial inclusion criteria. Of these, 59 reported
subsamples previously reported elsewhere (e.g. meta-analysis; reuse of data for
further analysis). An additional 36 provided insufficient descriptive statistics, most
commonly with no indication of the central tendency of the data (e.g. number or
percent of samples above a threshold) or no indication of sample size. Seventeen titles
were retrieved via PubMed that could not be located or accessed by the reviewers in
full online. Six studies were excluded because the units could not be readily converted
to pg/dL (e.g. reported as mass per mass) and 18 studies were excluded because of
serious quality control concerns with data analysis and presentation. Finally, 18
studies presented data on subgroups selected on the basis of a biological
predisposition to higher BLLs, such as renal failure patients on hemodialysis. In 16 of
these cases, the affected subsample was excluded and an acceptable subsample from
the same study was included. In 2 cases, the studies were excluded entirely.

With regard to the study language criteria (inclusion criteria # 5), PubMed returned all
abstracts meeting the specified search terms including those translated from other
languages. Given that the English language was not specified as part of the search,
PubMed returned a number of translated abstracts in addition to studies published
entirely in English. In an effort to include a maximal number of studies, translated
abstracts with sufficient detail to meet the other criteria were included. In the case of
one country, Colombia, 5 titles were returned in total, with 3 being in English and 2
being in Spanish. In this case, the subsamples presented by the Spanish language
articles nearly doubled the size of the background sample for this country. Given the
relatively small number of available studies for Colombia and proportional benefit of
using this data, the Spanish language studies were included. A similar situation was
potentially presented with studies from one other country, Russia. Here, 3 studies
were amenable to inclusion in the present analysis, though 8 additional studies
published in Russian were returned by PubMed. In this case, the full articles could not
be accessed online and were thus excluded.
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3.2 Results of Data Extraction

In total, suitable data was extracted from 477 studies with 979 subsamples from 50
countries. Of these, studies from 32 countries with 295 subsamples presented
background BLLs for children, while 36 with 305 subsamples presented background
BLLs for adults. Studies of non-occupationally exposed children were available in 20
countries (117 subsamples), while studies of non-occupationally exposed adults were
available in 16 countries (97 subsamples). Finally, studies of occupationally exposed
persons, including 6 child subsamples from Egypt and one from Pakistan, were
available in 26 countries (179 subsamples).

‘Probable’ sources of exposure were identified for 467 subsamples. An additional 83
subsamples had subsamples associated with ‘possible’ sources of exposure. Of the
968 subsamples, 44 % (n=429) did not identify a source of exposure. Only probable
sources of exposure were used in the analysis of attributable sources here.

Following data extraction, probable sources were grouped into 19 different categories
(Table 2). The category ‘other’ was comprised of a wide range of sources, including
cosmetics, opium use, and traffic. The category ‘diet’ was comprised of sources from
contaminated foodstuffs, spices and water, as well as contamination from non-
ceramic cookware or containers. Table 2 summarizes the number of subsamples
reporting each probable exposure source. Exposure sources sorted by country are
available in the supplementary materials.

3.3 Results of Estimates for Missing Data

Of the 979 subsamples 728 published arithmetic mean BLLs. In 137 cases, the
arithmetic mean was not available and geometric mean was used. Where neither
arithmetic or geometric means were reported the arithmetic mean was imputed using
the methods described above from eq. 1 (n=68) or eq. 2 (n=33). Finally, when the
available data were insufficient to apply any of the above equations to impute the
mean values, the median value was used in 13 cases.

With regard to populating the standard deviation, 623 of 953 subsamples reported
standard deviations. In 45 subsamples, where the standard deviation was not
published, but the SEM was available, the SEM was multiplied by the square root of
the sample size to calculate standard deviation (Higgins & Green, 2008). To calculate
the remaining 311 standard deviations, the following methods were used: eq. 3 (n=6);
eq. 4 (n=74); or eq. 5 (n=59). Finally, when the data required to impute the standard
deviation using any of the above methods were not available, the sample weighted
SEM from other studies (eq.6) was used in 172 cases.

3.4 Pooled Mean Results

Background BLLs for children and adults were pooled using two different methods.
In the first method a random effects meta-analysis weighting by standard error was
conducted resulting in a pooled mean and 95% confidence intervals for each country.
In the second, presented by Fewtrell, et al. (2003), sample-weighted mean BLLs and
standard deviations were calculated for each subgroup. In both cases there was not a
significant difference between the results of the two methods (p < 0.05). Table 3
presents the results using Fewtrell et al. s (2003) method organized by country. The
results of first method, the random effects meta-analysis, are available in the
supplementary materials. Figure 1 presents pooled mean background BLLs and
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standard deviations for children in the 32 countries where data were available. Results
for non-occupational and occupational subgroups are available in the supplementary
materials as are the results of the random effects method. Blood lead levels were also
pooled by exposure setting and type (background, non-occupational, occupational) for
both children and adults (Table 4).

3.4 Children above threshold values

Assuming a log-linear distribution of BLLs in a given population, approximately 670
million children age 0—14 years old were estimated to have BLLs exceeding the CDC
reference level of 5 pg/dL. Of those, 436 million were estimated to exceed the
previous reference level of 10 ug/dL. Table 5 presents the results by country.

3.4 Results of Sensitivity Testing
Paired t-tests of the full dataset and versions with sequentially removed imputed
values did not result in significant differences in the findings (p > 0.05).

4. Discussion

4.1 Significant findings

This systematic review is the largest yet carried out on BLLs in LMICs. Previously,
the most comprehensive study was that conducted by IHME as part of their annual
disease burden estimates. In their most recent disease burden calculation 88 studies
from 2010 to the 2017 were included for the purpose of calculating BLLs (IHME,
2018). By contrast, this study extended this period by six months to June 2018 and
reviewed more than five times the number of studies (n=477). The inclusion of more
studies allows for both a more comprehensive assessment of exposure sources as well
as likely more informed national BLL estimates.

Two findings of the review stand out as most significant. The first is that BLLs
remain elevated in LMICs, most importantly in children. Lead exposure can result in
a number of adverse health outcomes, including neurological decrement,
cardiovascular disease, kidney disease, decreased immunological resistance, and
adverse developmental outcomes, among other effects (US EPA, 2013). Humans are
most commonly exposed to lead through ingestion. Inhaled lead particles are typically
too large to penetrate the lungs and migrate via the mucociliary elevator to the
esophagus where they are ultimately ingested (ATSDR, 2007). In children up to 50%
of ingested lead in absorbed into the blood, confused by the body as the calcium ion
Ca®" (ATSDR, 2007; Flora et al., 2012). In the blood, lead can pass the blood-brain
barrier and impede brain growth (ATSDR, 2007). Accordingly, adults exposed to lead
as children tend to have less grey matter, the part of the brain associated with decision
making, than their non-exposed counterparts (Cecil et al., 2008).

Even low levels of pediatric lead exposure are associated with Intellectual Quotient
(IQ) decrement (Lanphear et al., 2005; Schwartz, 1994; US EPA, 2014). A 2013
international pooled analysis found the loss of a single I1Q point at blood lead
concentrations as low as 0.1-1 pg/dL in school age children (5-10 years) (Budtz-
Jorgensen et al., 2013). Further, the study found that neurological impacts continued
through higher levels of exposure, though with proportional impacts waning as
concentrations increase (Budtz-Jergensen et al., 2013). There are also indications that
adverse neurological consequences may continue to accrue through adulthood. A
2017 study of New Zealanders found that elevated BLLs at age 11 were associated
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with 1Q decreases later in life when the same children were assessed 27 years later as
adults (Reuben et al., 2017).

Lead-attributable neurological decrement impacts the life outcomes of individuals.
Lead-exposed children are less likely to pursue advanced education, and more likely
to have an unwed pregnancy or commit violent crime (Gould, 2009; Mielke and
Zahran, 2012; Nevin, 2000). At a societal level these impacts can be significant.
Evaluating the economic impact of lead exposure, a 2002 CDC study of the US found
that an additional USD 110-319 billion would be added to the lifetime earnings for
each cohort of two-year-old children born after the leaded petrol phase-out, compared
with children born before the phase-out (Grosse et al., 2002). In LMICs, Attina and
Trasande (2013) found that nearly USD 1 trillion in lifetime earnings were lost as a
result of lead exposure (1.88—4% of GDP in the countries studied).

In adults, cardiovascular disease is the largest lead attributable health outcome in
burden of disease estimates. IHME estimates that perhaps 1 million deaths each year
result from heart disease attributable to lead exposure globally (IHME, 2018). Most of
these deaths (> 80 %) occur in people above age 60 years (IHME, 2018). Nawrot, et.
al (2002) found that <40 pg/dL, a doubling in BLL was associated with increases in
systolic and diastolic blood pressure of 1.0 mmHg and 0.6 mmHg, respectively. Thus,
similar to neurological decrement, the highest proportional impacts appear to be at
lower levels of exposure.

In this study more 670 million children were estimated to have BLLs exceeding CDC
reference level of 5 pg/dL, itself well above concentrations associated with lifelong
adverse health outcomes. A further 436 were estimated to have BLLs above 10

pg/dL. Importantly, these estimates were calculated based on subsamples coded as
‘background’ exposure scenarios. In most cases these subsamples were chosen in
studies as control populations specifically because they represented an absence of
exposure. By excluding non-occupational exposures in the pooling of BLLs, this
study therefore presents a more conservative indication of lead toxicity. Future studies
might use the results presented here to develop more robust estimates of the lead
attributable social, economic and health outcomes.

The second main finding is that the sources of exposure appear to be distinct from
those in high income countries. Elevated BLLs in high income countries have been
most commonly attributed to tetraethyl lead used in petrol or lead-based enamel
paints used in residential settings (Jacobs et al., 2002; Needleman, 2004; Nriagu,
1990). In both high and low income countries, leaded petrol has been phased out, with
few exceptions (UNEP, 2016). The last country in this analysis to phase out the use of
leaded petrol was the Democratic Republic of Congo, which did so in 2009, preceded
by Indonesia in 2006 (ACFA, 2007; Tuakuila et al., 2013). Other African countries
had largely phased out leaded petrol by the close of 2005 (Lean, 2006). Phase-outs in
the remaining countries generally occurred several years earlier. China and India
phased out leaded petrol in 2000, for instance (Singh and Singh, 2006; Wan et al.,
2014). Following leaded petrol phase-outs, BLLs decline precipitously, owing in part
to the short half-life of lead in blood of about 30 days (Annest et al., 1983; ATSDR,
2007; Singh and Singh, 2006). Fewtrell, et al. (2004) note that population wide BLL
decreases following phase outs range from 30-48 %. Thus, this study’s use of BLLs
assessed after 2005 controlled somewhat for the influence of leaded petrol.
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Importantly, residual lead in surface soils resulting from aerial deposition from petrol
is highly recalcitrant (Mielke et al., 2010; Semlali et al., 2004; Zahran et al., 2013).
Therefore this inclusion criterion is only intended to control for exposure to airborne
lead exhausted from vehicles.

With regard to lead-based paint, relatively few LMICs have legislatively banned this
source of exposure for use in residential settings (UNEP, 2017). However, despite the
absence of bans in most countries, lead-based paint does not appear to be a major
source of lead exposure in LMICs. Indeed lead exposure in LMICs seems to be
dominated by industrial sources of lead, accounting for > 65 % of exposure sources
identified in background subsamples and > 64 % in non-occupational subsamples.
This conclusion is similarly supported by a recent assessment of Jakarta homes and
preschools that revealed a low exposure risk despite lead-based paint being readily
available in stores (Ericson et al., 2019).

The results of the study indicate a pressing need for interventions to reduce lead
exposure in LMICs. Several possible recommendations follow. The first such
recommendation is to improve BLL surveillance. Nationally representative studies to
determine background BLLs could greatly improve the accuracy of the estimates
presented here. Support could be provided to execute efforts akin to the US NHANES
program. In the absence of these more comprehensive efforts, academic studies could
provide additional insight. Of the 137 countries included in this study, data on
children’s background BLLs were only available in 32. Thus researchers could be
supported in the non-represented countries to carry out background BLL assessments,
particularly of children. Further these studies, as well as those currently being
executed, could be leveraged into a more coherent approach. An international BLL
registry could be established and housed in either an academic institution such as
IHME or international organization, like the World Health Organization. Researchers
could be encouraged to register the anonymized results of their studies into the
database and follow basic quality assurance and control methods. Given that the vast
majority of BLL testing is conducted by individual academics, such an effort could
greatly improve current knowledge.

A second recommendation relates to the international response to the issue. First,
existing resources should be augmented to deal with lead exposure in LMICs. At
present the limited international response is incongruent with the enormity of the
problem. Indeed in the most recent funding cycle (2014) the Global Environment
Facility, the largest multi-lateral environmental donor, distributed just USD 1.8
million in grants to mitigate lead-based paint exposures, of a USD 4.4 billion budget
(GEF, 2014a, 2014b). Second, interventions should be tailored to the better suit the de
facto nature of exposure sources in LMICs. Current lead exposure mitigation efforts,
such as the Global Alliance to Eliminate Lead Paint, tend to focus on the exposure
risk of lead-based paint, which does not seem to be as significant a contributor to
BLLs as other sources (WHO, 2017). International donors and executing agencies
should be encouraged to develop capacity and funding streams to mitigate the sources
with a confirmed exposure risk, such as informal lead recycling.

4.2 Limitations

The study has a number of limitations. Most significantly, only one reviewer (BE)
extracted data from all studies. While all studies were reviewed by at least one other
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reviewer, no single reviewer duplicated the review in its entirety. This introduces the
possibility that errors may have been included in the final dataset.

A second limitation is that studies were not assessed for bias. The large volume of
studies both diminished the relative statistical influence of any single report and made
a systematic review of bias logistically challenging. Nevertheless, failing to include
an assessment of bias could adversely affect the results.

In total 640 of 979 subsamples were published with arithmetic mean and either
standard deviation or SEM. Missing data were imputed for the remaining 339
subsamples. While the utilized methods have been subject to robust sensitivity testing
elsewhere, and have performed reasonably well on skewed data like that presented by
BLLs, the reliance on imputation introduces some uncertainty into the results.

A separate limitation is the study’s reliance on the English language literature. While
English continues to be used in the majority of peer-reviewed publications, the
exclusion of other languages here likely results in significant gaps, as has been
observed elsewhere (Amano et al., 2016).

A final set of limitations relates to the pooling of studies to calculate a nationally
representative BLL value. The data presented in the reviewed studies were in most
cases not collected for this purpose and typically represent a small geographic area or
subsection of the population. The relative influence of the results of any once study is
somewhat diminished when pooled with others, however in several cases only a
single subsample was available for each subgroup in a given country. In 13 of the 33
countries for which data were available on children for instance, only a single
subsample could be identified. Thus the nationally representative BLL for those
countries presented here was derived from a single study in each country. A related
limitation concerns a similar if opposite issue. In China, India, and Mexico the larger
number (142, 40 and 32, respectively) and broad geographic representation of studies
could have facilitated more nuanced and geographically granular estimates. Such an
effort was not attempted here.

5. Conclusion

This study conducted the most comprehensive literature review of BLLs in LMICs to
date. The review of 477 studies revealed that BLLs remain elevated in LMICs despite
leaded petrol phase-outs. The primary sources of exposure appear to be industrial in
nature. Approximately 670 million children were found to have BLLs exceeding the
CDC reference dose of 5 pg/dL in the studied countries. Given the lifelong adverse
impacts of lead on the developing brain and other biological systems, urgent attention
is required to mitigate the worst exposures. To better monitor BLLs in LMICs an
international registry should be established to house the anonymized results of testing
carried out by researchers.
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Table 1. Results of Literature Review

Country World n Titles n Studies n Total.
Bank Returned n Included Subsamples population
. Abstracts . . of
income by Reviewed in Included in reviewed
group PubMed Analysis Analysis N ,

China UMIC 3254 317 142 266 381,992

Mexico UMIC 335 79 42 87 23,193

India UMIC 1130 59 40 93 229,744

Brazil LMIC 892 62 34 55 13,057

Pakistan LMIC 202 56 31 106 10,597

Iran UMIC 701 47 26 48 4,696

Turkey UMIC 784 49 16 36 2,533

Nigeria LMIC 133 46 16 27 3,574

Egypt LMIC 237 26 15 39 2,424

Bangladesh LMIC 55 19 11 17 4,613

Armenia; Benin; Bolivia; Bosnia and Herzegovina;

Cameroon; Colombia; Congo, Dem Rep; Ecuador;

Ethiopia; Ghana; Grenada; Indonesia; Iraq; Jamaica;

Jordan; Kenya; Kosovo; Lebanon; Macedonia, FYR;

Malaysia; Mongolia; Morocco; Nepal; Paraguay; Peru; 1,644 184 104 195 25,646

The Philippines; Romania; Russian Federation; Senegal;

Serbia; South Africa; Sri Lanka; Sudan; Tanzania;

Thailand; Uganda; Ukraine; Vietnam; West Bank and

Gaza Zambia

Afghanistan; Albania; Algeria; American Samoa; Angola;

Azerbaijan; Belarus; Belize; Bhutan; Botswana; Bulgaria;

Burkina Faso; Burundi; Cabo Verde; Cambodia; Central

African Republic; Chad; Comoros; Congo, Rep ; Costa

Rica; Cuba; Djibouti; Dominica; Dominican Republic; El

Salvador; Equatorial Guinea; Eritrea; Fiji; Gabon;

Gambia, The; Georgia; Guatemala; Guinea; Guinea-

Bissau; Guyana; Haiti; Honduras; Ivory Coast;

Kazakhstan; Kiribati; Korea, Dem People's Rep ; Kyrgyz

Republic; Lao PDR; Lesotho; Liberia; Libya; 797 6 0 0 0

Madagascar; Malawi; Maldives; Mali; Marshall Islands;

Mauritania; Mauritius; Micronesia, Fed Sts ; Moldova;

Montenegro; Mozambique; Myanmar; Namibia; Nauru;

Nicaragua; Niger; Papua New Guinea; Rwanda; Samoa;

Sao Tomé and Principe; Seychelles; Sierra Leone;

Solomon Islands; Somalia; South Sudan; St Lucia; St

Vincent and the Grenadines; Suriname; Swaziland; Syrian

Arab; Republic; Tajikistan; Timor-Leste; Togo; Tonga;

Tunisia; Turkmenistan; Tuvalu; Uzbekistan; Vanuatu;

Venezuela, RB; Yemen, Rep ; Zimbabwe

10,164 950 477 969 702,069

LMIC: Lower Middle Income Country; UMIC: Upper Middle Income Country

Table 2. Sources of lead (Pb) exposure in background, non-occupational and
occupational settings reported in the 467 subsamples with probable sources of

exposure.
Total n n non- n

n sample background | occupational | occupational
Exposure source subsamples | size subsamples | subsamples subsamples
automobile repair 18 895 2 2 14
battery manufacture or
recycling 116 11,863 24 17 76
bullets 6 1,166 2 3 1
ceramics 13 1,485 5 5 4
contaminated site 6 3,796 0 6 0
diet 16 2,963 11 5 0
dumpsite 6 487 2 3 2
ewaste 38 10,548 6 24 8
industry (lead) 8 836 0 4 4
industry (other) 47 3,327 23 6 18
lead-based paint 7 940 4 0 3
mining 35 5,650 1 33 6
other 25 6,257 9 9 6
petrol 11 1,527 8 0 3
smelting 56 22803 13 22 22

Table 3. Pooled mean BLLs for background adults and children in the 44 LMICs

where data were available.

Background children

Background adults

Country n total
subsample | sample
s size

pooled mean BLL
(sd) (ng/dL)

n total
subsample | sample
s size

pooled mean BLL
(sd) (ug/dL)
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999
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Bangladesh 9 3,058 | 7.66(6.2) 1,290 | 3.9(3.53)
Benin 2 888 | 5.18 (5.47) 287 | 4.95 (4.54)
Brazil 10 3,821 | 1.49(2.16) 21 6,657 | 3.18(5.08)
Cameroon 1 147 | 8.7(3.9) 0 0| -

China 103 301,448 | 5.22(3.72) 67 57,504 | 3.73 (4.79)
Colombia 3 713 | 4.94 (4.55) 3 833 | 2.49 (6.15)
Democratic Rep.

of the Congo 6 432 | 8.08 (5.74) 1 157 | 9.1 (8.74)
Ecuador 1 69 | 3.17 (4.24) 0 0| -

Egypt 13 1,425 | 9.07 (5.23) 15 757 | 17.53 (5.3)
Ethiopia 1 132 | 1.66 (4.24) 3 208 | 3.92(5.56)
Ghana 0 0] -- 4 110 | 1.45(4.58)
Grenada 0 0| - 1 52 | 1.17 (4.24)
India 19 5,641 | 5.49(5.8) 35 221,713 | 4.43 (5.46)
Indonesia 1 108 | 6.4(2) 0 0| -

Iran 7 828 | 3.65(3.85) 13 1,159 | 6.04 (3.81)
Iraq 1 207 | 5.3 (1.9) 2 666 | 8.47 (4.53)
Jamaica 3 325 | 2.6 (4.09) 2 130 | 0.83 (2.81)
Jordan 0 0] -- 3 163 | 3.61 (3.7)
Kosovo 3 250 | 2.52 (2.4) 2 165 | 4.79 (2.89)
Lebanon 0 0| - 1 55 | 3.57(0.25)
Macedonia, FYR 0 0] -- 2 119 | 2.41(1.72)
Malaysia 0 0| - 1 136 | 2.6 (2.1)
Mexico 42 4,196 | 3.54 (4.06) 22 5,769 | 3.3 (3.95)
Mongolia 0 0| - 1 100 | 3.1 (4.24)
Morocco 12 770 | 4.57 (4.8) 3 107 | 4.88 (6.33)
Nepal 1 312 | 6.69 (4.22) 5 173 | 4.44 (5.08)
Nigeria 5 818 | 8.99(6.22) 8 485 | 8.1(1.7)
Pakistan 33 2,461 | 10.14 (3.76) 45 4,656 | 11.73 (4.52)
West Bank and

Gaza 1 178 | 3.2(2.4) 0 0| -

The Philippines 1 2,860 | 6.4 (8.57) 0 0| -
Romania 1 84 | 3.77(1.96) 0 0| -

Russia 3 599 | 3.18 (4.13) 2 30 | 1.56(0.52)
Senegal 1 32 | 8.22(3.16) 1 52 | 6.51(2.92)
Serbia 0 0] - 3 119 | 1.27 (0.82)
South Africa 3 1,760 | 7.21(5.03) 4 1,522 | 1.55(2.67)
Sri Lanka 0 0] - 2 100 | 8.71(5.47)
Sudan 0 0] - 1 15 | 0.39(1.25)
Tanzania 1 43 | 2.26 (0.96) 1 24 | 4.71 (1.62)
Thailand 4 1,502 | 5.79 (4.24) 6 2,025 | 5.26 (4.34)
Turkey 1 224 | 4.23 (1.31) 16 781 | 2.87 (2.86)
Uganda 2 263 | 6.68 (5.23) 0 0] --

Ukraine 0 0] -- 2 102 | 3.28 (3.61)
Vietnam 1 311 | 4.97 (5.5) 1 51 139(2.2)

Figure 1. Pooled mean background BLLs for children in the 32 countries where data

were available.
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Table 4. Pooled mean BLLs (standard deviation) (ug/dL) by probable exposure
in the 477 studies reviewed.

source and settin

Non- Non-

Background occupational Background occupational
Exposure source children children adults adults Occupational
automobile repair - 32.35(5.1) 17.41 (5.72) - 21.57 (7.64)
battery manufacture or
recycling 9.21 (4.02) 11.6 (6.65) 14.01 (7.46) 22.8 (8.97) 27.39 (8.09)
ammunition (shooting
ranges and bullet
wounds) 4.66 (4.24) -- 5.51(4.24) 8.73 (8) 6.2 (2.28)
ceramics 5.03 (4.49) 32.68 (12.34) 3.93 (3.88) -- 28.73 (9.74)
contaminated site - 7.47 (4.78) - 10.8 (7.84) -
diet 3.68 (5.89) 243 (12.71) 4.84 (4.22) 18 (9.01) --
dumpsite 6.68 (5.23) 17.46 (7.33) -- 10.27 (7.29) 9.24 (3.96)
ewaste 6.28 (4.2) 7.88 (5.39) 5.5(4.3) 16.9 (8.72) 19.86 (8.38)
industry (lead) -- 7.82 (7.66) -- 7.29 (8.16) 25.47 (4.33)
industry (other) 6.26 (4.5) 9.97 (6.32) 5.09 (4.43) -- 11.93 (5.11)
lead-based paint 6.67 (5.84) - - - 10.79 (4.45)
mining -- 22.08 (8.53) 1.7 (0.7) 17.71 (7.04) 15 (6.28)
other 3.63 (5.32) 30.64 (9.71) 31.77 (7.49) 19.52 (8) 6.74 (6.95)
petrol 6.12 (5.2) -- 9.1 (8.74) -- 17.32 (6.29)
smelting 6.35(7.27) 5.28 (7.61) 5.15 (6.25) 15.59 (8.6) 41.01 (10.59)
tobacco products 3.03 (5.09) 10.77 3.72) 6.35 (4.07) 22.78 (2.41) --

Table 5. Estimated number of children (age 0—14 years) exceeding 5 and 10 ug/dL in
countries covered by the analysis.

Pooled BLL Children > 5 Children > 10
Country (ng/dL) pg/dL pg/dL
Bangladesh 7.66 (6.2) 28,045,623 20,922,029
Benin 5.18 (5.47) 2,349,421 1,614,950
Brazil 1.49 (2.16) 2,798,944 327,108
Cameroon 8.7(3.9) 6,574,477 4,588,727
China 5.22 (3.72) 119,634,420 72,345,333
Colombia 4.94 (4.55) 5,833,789 3,767,446
Democratic Rep. of
the Congo 8.08 (5.74) 21,698,682 16,106,832
Ecuador 3.17 (4.24) 1,767,414 1,001,718
Egypt 9.07 (5.23) 19,198,203 14,278,524
Ethiopia 1.66 (4.24) 9,184,389 4,410,256
India 5.49 (5.8) 197,328,888 138,773,472
Indonesia 6.4 (2) 45,511,423 18,502,284
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Iran 3.65 (3.85) 7,574,440 4,222,892
Iraq 5319 8,001,759 2,407,230
Jamaica 2.6 (4.09) 223,444 117,815
Kosovo 2.52(2.4) 63,591 16,899
Mexico 3.54 (4.06) 14,116,167 8,038,249
Morocco 4.57 (4.8) 4,462,849 2,887,454
Nepal 6.69 (4.22) 5,425,152 3,648,335
Nigeria 8.99 (6.22) 50,354,198 38,359,290
Pakistan 10.14 (3.76) 46,652,240 33,446,094
West Bank and

Gaza 3224 574,214 181,692
The Philippines 6.4 (8.57) 17,638,390 13,500,546
Romania 3.77 (1.96) 1,025,305 223,837
Russia 3.18 (4.13) 8,485,954 4,744,149
Senegal 8.22 (3.16) 4,402,364 2,853,029
South Africa 7.21 (5.03) 8,582,920 6,109,888
Thailand 5.79 (4.24) 6,461,120 4,214,807
Turkey 4.23 (1.31) 5,291,849 14,236
Uganda 6.68 (5.23) 10,760,426 7,627,385
Vietnam 4.97 (5.9 10,768,832 7,361,977
Total 670,790,886 436,614,484
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2.2. Paper Two

Dowling, R., Caravanos, J., Grigsby, P., Rivera, A., Ericson, B., Amoyaw-Osel, Y., ... &
Fuller, R. (2016). Estimating the prevalence of toxic waste sites in low-and middle-income
countries. Annals of Global Health, 82(5), 700-710

This study utilized a limited dataset on contaminated sites in Ghana to calculate an estimate
of the total number sites across the whole country. Overall, there are limited data on lead
exposures in LMICs, though the contribution of informal industrial sources is expected to be
significant. Given that lead has low mobility in the environment, sites that have become
contaminated can potentially pose a persistent risk to nearby populations. Thus, the
contribution of contaminated sites, or ‘hotspots,’ is expected to comprise a major source of

human lead exposure in LMICs.

This study uses cluster random sampling methods to extrapolate data from a limited set of
geographical areas (quadrats) across Ghana as a whole. The result is a method that could be
deployed elsewhere to estimate the number of sites in areas where limited resources inhibit
site inventories. Such an exercise was conducted in Chapter 3 (Paper 6) in calculating the

number of informal battery processing locations in LMICs and attributable burden of disease.
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Abstract

BACKGROUND Exposure to heavy metals at contaminated industrial and mining sites, known also as hot
spots, is a significant source of toxic exposure and adverse health outcomes in countries around the world. The
Toxic Sites Identification Program (TSIP) developed by Pure Earth, a New York—based nongovernmental
organization, is the only systematic effort to catalogue contaminated sites globally. To date, TSIP has identified
and catalogued 3282 sites in low- and middle-income countries. The TSIP methodology is not designed to
survey all contaminated sites in a country. Rather sites are prioritized based on their perceived impact on
human health, and only a limited number of the most highly hazardous sites are surveyed. The total number of
contaminated sites globally and the fraction of contaminated sites captured by TSIP is not known.

OBJECTIVE To determine the TSIP site capture rate, the fraction of contaminated sites in a country
catalogued by TSIP.

METHODS Ghana was selected for this analysis because it is a rapidly industrializing lower middle income
country with a heterogeneous industrial base, a highly urban population (51%), and good public records
systems. To develop an estimate of the fraction of sites in Ghana captured by TSIP, assessors targeted randomly
selected geographic quadrats for comprehensive assessment using area and population statistics from the
Ghana Statistical Service. Investigators physically walked all accessible streets in each quadrat to visually
identify all sites. Visual identification was supplemented by field-based confirmation with portable x-ray flu-
orescence instruments to test soils for metals. To extrapolate from survey findings to develop a range of
estimates for the entire country, the investigators used 2 methodologies: a “bottom-up” approach that first
estimated the number of waste sites in each region and then summed these regional subtotals to develop a
total national estimate; and a “top-down” method that estimated the total number of sites in Ghana and then
allocated these sites to each region. Both methods used cluster random sampling principles.

FINDINGS The investigators identified 72 sites in the sampled quadrats. Extrapolating from these
findings to the entire country, the first methodology estimated that there are 1561 sites contaminated
by heavy metals in Ghana (confidence interval [Cl]: 1134-1987), whereas the second estimated 1944 sites
(Cl: 812-3075). The estimated total number of contaminated sites in Ghana is thus 7-9 times the number
of sites captured through TSIP. On a population basis, it was estimated that there are between 31 and
115 contaminated sites per million inhabitants in Ghana.

CONCLUSIONS The findings of this study indicate that the TSIP methodology provides a sound
statistical basis for policy formulation. The statistical approaches used in this study can be replicated in
other countries to improve estimates of the prevalence of contaminated sites. This information provides

Data for the manuscript were collected with an in kind contribution of an x ray fluorescence spectrometer from Pure Earth. The European Commission
and Pure Earth provided funding for the research. The authors declare that they have no competing interests.
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important input to calculations of the global burden of disease attributable to hazardous exposures at

contaminated sites.

KEY WORDS contaminated sites, pollution, global burden of disease, heavy metals, field survey, Toxic

Sites Identification Program (TSIP)

© 2016 The Authors. Published by Elsevier Inc. on behalf of Icahn School of Medicine at Mount Sinai. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

INTRODUCTION

Pollution is critically linked to poverty and produces
disproportionate health effects on low-income com-
munities worldwide." On a global scale, low- and
middle-income countries face barriers to infrastruc-
tural and inclusive economic development as a result
of challenges borne from pollution and associated
environmental health issues.”” Rapid industrializa-
tion, population growth, and exploitation of natural
resources have potentially resulted in significant
environmental degradation in many low- and
middle-income countries (LMICs).* These coun-
tries often have limited governmental capacity and
few incentives to formally regulate environmentally
damaging industries or address contaminated sites.
Even in cases where regulations exist, the capacity
to manage or enforce laws can be limited.

Contamination by toxic chemicals and heavy
metals presents a unique and ongoing problem.
Adverse health effects from chemical contamina-
tion, through processes such as informal lead-acid
battery recycling, natural resource extraction, and
electronic waste recovery and disposal, often go
unnoticed in part because of the latency and chronic
nature of environmental toxicants.”® Limited regu-
latory policies as well as the ubiquity of small-scale
informal practices make identifying active and leg-
acy contaminated sites a challenge for intervening
policy and health care professionals.

Lack of best practices in unregulated and small-
scale industries often leads to an increased risk of
exposure to toxicants. Artisanal small-scale gold
(ASGM) mining, for example, typically involves
panning gold-containing alluvial soils or crushed
ores with elemental mercury (Hg). This mercury-
gold amalgam is then heated, which drives off the
mercury as a vapor and leaves behind both gold
and some residual mercury.7 Large amounts of Hg
vapor recondense and deposit locally and can be

re-emitted from water and soil surfaces or can be
methylated, bioaccumulate, and biomagnify in
food chains.®? Surface soils, water bodies, and sedi-
ments are the major biospheric sinks for Hg.10 In
short, artisanal gold mining using elemental mer-
cury poses a significant risk to human health because
mercury is a potent neurotoxin and systemic toxin. '

In addition to mercury, other metals, including
lead (Pb), cadmium, hexavalent chromium, cobalt,
and manganese resulting from informal industry
can be hazardous to human health. Lead exposure,
for example, can lead to cognitive impairment, ane-
mia, hypertension, kidney damage, and, in extreme
cases, death.'” Historically, the source of lead expo-
sure is often traced to gasoline, paint, air, water,
interior dust, soil, and food."® In areas within the
vicinity of mining and industrial establishments,
ingestion of soil and dust contaminated with heavy
metals is a primary source of lead exposure.l“’15
Lead can also be ingested via drinking water
when soluble forms are present in surface or
groundwater.'

Epidemics of metal poisoning resulting from
informal industry have been documented in multi-
ple LMICs, including Senegal, Ghana, Indonesia,
and the Philippines.'” *° A particularly severe case
was the recent (2010) tragedy in the Nigerian state
of Zamfara resulting from ASGM with lead-laden
ore.”’ Acute pediatric exposures there resulted in
the deaths of at least 400 children, nearly 25% of
who were younger than age 52223 Two-thirds of
households reported processing lead-contaminated
gold ore inside family compounds. Soil lead levels
in 85% of family compounds exceeded the US Envi-
ronmental Protection Agency (EPA) action level for
areas of bare soil where children play (400 mg/ kg).24

Despite the significant health burden posed by
informal industry, little documentation of sites and
exposures exists. Several factors likely inhibit pro-
grams, including a lack of available government
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resources in LMICs and a possible institutional
reluctance to identify a Pandora’s box of problems
that can be difficult to resolve.”

The only systematic effort to catalogue contami-
nated sites globally is the Toxic Sites Identification
Program (TSIP) developed by Pure Earth, a
New York based nongovernmental organization.1
TSIP uses a rapid risk assessment tool modeled after
the EPA’s Hazard Ranking System.26 The protocol,
the Initial Site Screening (ISS), requires a site visit
and sample collection and relies on the source-
pathway-receptor model. The EPA uses a similar,
albeit more robust, model to assess contaminated
sites in the United States. The EPA Hazard Rank-
ing System requires additional information on spa-
tial attenuation, pollutant persistence, migration
potential, and likelihood of future release. By con-
trast the ISS is indented to be implemented quickly
and at low cost. As of December 2015, 3282 waste
sites had been identified globally. Of those, an ISS
was carried out at 2434 sites in 51 countries. Con-
taminated sites are identified through several meth-
ods, including knowledge and expertise of local
staff, investigation of previously identified legacy
sites, collaboration with local governments or
research organizations, and online nominations.
Once a site has been identified, a specially trained
investigator conducts an ISS. The completed ISS
is entered into an online database and reviewed by
the New York office for quality assurance and
control.

The TSIP effort has been useful for document-
ing hazardous waste sites, though it has been some-
what limited by time and resources. As a result,
likely only a fraction of the total eligible sites in a
given country are being captured. Moreover, the
TSIP program likely suffers from selective inclusion
and may not be an accurate representation of the
distribution of waste sites in any particular country
because it is not designed to survey all contaminated
sites in a country. Rather sites are prioritized based
on their perceived impact on human health, and
only a limited number of the most highly hazardous
sites are surveyed in each country. Sites are selected
through interviews with relevant government agen-
cies, academics, and local leaders.

We undertook the present study to assess the
TSIP capture rate, the fraction of all contaminated
sites in the country catalogued in T'SIP. The West
African country of Ghana was selected for the study
because of a partnership between Pure Earth and a
highly qualified nongovernmental organization in
Ghana and a strong relationship with both
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the Ghana Environmental Protection Agency and
Ghana Health Service. Additionally, Ghana regu-
larly collects data and has good public records
systems.

Ghana (area 238,535 km?) is a lower middle
income country that is home to 26.8 million resi-
dents.”” The population density is highest in the
southern half of the country, where urban centers
such as Kumasi and Accra attract more economic
opportunities than the rural areas of the north.
Chemical production and metals smelting and pro-
cessing are among the largest contributors to the
formal industrial economy. Automotive battery
recycling, ASGM using mercury, and scrap metal
and electronic waste recycling are the most abun-
dant industries of the informal sector.”®*’

METHODS

The statistical approaches used in this study seek to
estimate the total number of heavy metals contami-
nated sites throughout Ghana. This estimate is then
compared with the number of sites currently cata-
logued in the TSIP database to obtain a capture
rate.

This study makes use of the site identification
protocol designed under TSIP to focus on site
assessments throughout Ghana’s administrative dis-
tricts. Given that the majority of waste sites in T'SIP
involve heavy metals such as Hg, lead, chromium,
and cadmium, this study focused on estimating sites
containing heavy metal contamination.

This study used 2 surrogate methodologies to
estimate the total number of heavy metals contami-
nated waste sites in Ghana. Although individual
cases of heavy metal polluting industries within
Ghana are well documented (eg, small-scale gold
mining and used lead-acid battery recycling),
research on the countrywide extent of pollution
and potential number of contaminated sites is defi-
cient. Surrogate methods were used because of a
lack of resources, limited amount of data, and no
clearly appropriate methodology for extrapolating
the data to the country. For these reasons, we pur-
sued 2 methodologies in our extrapolation.

The first method (Regional) estimated the
regional number of waste sites first and then
summed to find a total in Ghana within a particular
confidence interval. The second method (Country-
wide) estimated the total number of sites in Ghana,
then “allocated” them to each region. Both methods
use cluster random sampling analytical principles in
determining the estimated number of waste sites.
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Although this methodology is well known, this is
the first instance where it has been applied to waste
site estimation.”’

District Selection, Site Screening, and Inclusion of
Toxicants. Ghana is divided into 10 regions that are
further subdivided into 216 administrative districts.
Two regions, Upper East and Upper West, each
represent less than 5% of the country’s total popula-
tion and were not included in data collection. One
district from each of the remaining 8 regions was
randomly selected for inclusion in the study. The
information collected from each district was then
used to estimate the number of toxic sites found
per region and for the country as a whole. The fol-
lowing 8 districts were randomly selected for inclu-
sion into this study: Amansie West, Tano South,
Abura/Asebu/Kwamankese, Afram Plains South,
Ningo Prampram, Yendi, Ho, and Juabeso. Dis-
tricts selected for screening are highlighted in
Figure 1.

All population and area data were collected from
the Ghana Statistical Service (GSS).>! GSS con-
ducts censuses every 10 years and presents data in
aggregate level by district and region. The data is
freely available online.

An onsite waste site identification protocol based
on visual assessment was established to effectively
identify contaminated sites. Although this method-
ology targets the sampling in place of randomized
techniques, it is important to note the unique con-
ditions in which most toxic sites emerge. Informal
mining and recycling of metals and scraps often
occur with little regulatory oversight from the gov-
ernment in low-income areas and informal settle-
ments. In addition, legacy sites in industrial
centers that pose no risk to human health can stand
for long periods without risk management. Ran-
domly sampling throughout a district to confirm
toxic site status is not time or cost effective because
certain areas such as high-income residential neigh-
borhoods would produce few sites if any. Addition-
ally, randomly sampling in areas where populations
are not exposed would not reveal sites within our
scope. The visible site identification protocol was
developed with these conditions in mind.

The protocol defined 2 levels of toxic site identi-
fiers: primary and secondary. The identifiers were
given a scoring rubric including 2 points for primary
identifiers and 1 point for secondary identifiers. In
order to assess a potentially toxic site, investigators
were instructed to review all available identifiers
and only begin site assessment on achieving a mini-
mum required score of 6. Site assessments used

Dowling et al.
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x-ray fluorescence spectrometry (Innov-x Systems
Alpha Series 6500 Handheld XRF Analyzer) to
evaluate the level of contamination of various heavy
metals.

The list of primary identifiers was composed of
the following: documentation of abandoned or leg-
acy site status (ie, confirmed by community or pub-
lic records), tailings piles, visible particle emissions,
and confirmed industry activity. Confirmed industry
activity for the purposes of this study could be an
active or legacy site used for mining or ore process-
ing, battery recycling, chemical manufacturing, dye
industry, electronic waste recycling, heavy industry,
industrial or municipal dumpsites, lead mines, lead
smelting, pesticide manufacturing, petrochemical
industries, product manufacturing, recycling, ship
breaking, or tannery operations. The list of secon-
dary identifiers was composed of the following: visi-
bly stressed vegetation, mechanical tools or supplies
(including baghouses and filtering equipment),
industrial equipment in disrepair, organic olfactory
clues, petroleum or other stained soil, and visibly
discolored surface water or puddles.

A local team of trained environmental site inves-
tigators was assigned to locate and assess various
potentially toxic sites throughout the 8 administra-
tive districts. Trained site investigators obtained
street maps for each district and worked with local
officials to strategize and plan the most effective
route for mapping. Individual towns, villages, and
neighborhoods were targeted. Highways and main
roads between populated areas were overlooked.
The purpose of the exercise was to assess contami-
nated sites that had an apparent pathway for human
exposure.

Estimates of the number of sites found per dis-
trict within these regions were determined after
data collection. Statistical analysis was performed
with variance and a 95% confidence interval deter-
mined for the mean number of toxic sites per dis-
trict sampled. Standard statistical techniques were
used to extrapolate the mean and variance of the
sample to the entire country of Ghana.

Although statistical analysis relies on random
sampling techniques, the sampling was targeted,
which has likely biased our estimates of the number
of toxic sites in Ghana away from zero. The size of
this bias is difficult to ascertain, but we have chosen
this methodology to include the widest possible cor-
ridor in our 95% confidence interval to reflect both
the variation in the sampling results and the uncer-
tainty regarding the assumption of independence
between the samples.
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The collected data set was truncated to include
only sites where the key pollutant was a heavy metal
with credible health impacts and sites where the
level of contamination exceeded US EPA standards
or equivalent for exposure. Raw data were compared
against US EPA standards 3 times to ensure quality
control. These criteria narrowed the focus of the
dataset to include the toxicants lead, chromium,
arsenic, cobalt, and manganese at concentrations
that would pose a threat to human health. The 5
heavy metals are each heavily cited in the literature
as causing adverse health effects from exposure
and intake at relatively low quantities. Mercury,
also a key toxicant, was not included in the final
data capture because of measuring limitations in

T=u+v
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earlier for the 8 mapped and sampled regions. An
average number of toxic sites in the sampled area
of Ghana was found by area and population. These
averages were assumed to apply proportionally to
the unsampled regions. The area and population-
based results were then averaged to estimate the
number of toxic sites expected in each region; see
the formula for v later.

A total estimate of toxic sites countrywide (7)) is
equal to the sum of the sampled and not sampled
extrapolations. A 95% confidence interval around
this estimate was determined using techniques
applicable to cluster random sampling, treating
each region as a cluster.

Regional Calculation Formulas

1| & x; N x;
== ——— | X Area Rgn; —_— Pop Ron;
where u 3 Z (Area Dsl;) X Area Rgn; + ; ( Pop DXii) x Pop Rgn;

=1

S

1
and v = —
2 =1

the equipment used. The focus on heavy metals
also limits the scope of the analysis. Therefore, the
results are not an estimate of all contamination
countrywide, but rather an estimate solely of heavy
metals contamination.

Regional Analysis Methodology. In this approach,
the data collected in the 8 randomly chosen districts
were extrapolated to estimate the number of toxic
sites per region using regional characteristics of
area and population. Site estimates by area were cal-
culated using the number of sites found in a
sampled district (x;) divided by the total area of
the district (4rea Dst;) and then multiplied by the
total area of the region to which the district belongs
(Area Rgn;). Estimates based on population were
calculated in the same manner. The 2 results were
averaged to estimate the number of toxic sites
expected in each region; see the formula for « later.
Table 1 contains information for area and pop-
ulation statistics by region.

Because of budgetary and time constraints, 2
regions of Ghana were not sampled and were
selected for exclusion by population weighting.
The number of contaminated sites in these regions
was estimated using data collected and described

M
(Avg Sites Per Area Sampled ) x Area Rgn; + z (Awg Sites Per Pop Sampled ) X Pop Rgn;

i=1

where

T is the total estimate of toxic sites countrywide.

u is the sampled district extrapolation.

v is the not sampled district extrapolation.

x; 1s the number of sites found in district i.

N is the number of regions sampled.

M is the number of regions not sampled.

Area Dst; is the area of district i.

Area Rgn; is the area of region i.

Pop Dst; is the population of district i.

Pop Rgn; is the population of region 1.
Countrywide Analysis Methodology. A second
analysis estimated the total number of toxic sites
in Ghana assuming the randomly selected districts
where toxic site analysis was performed were a rep-
resentative sampling of districts in Ghana. The total
number of sites in the county was then determined
to be the average number of sites found in sampled
districts (x) multiplied by the number of districts in
Ghana (3); see the formula for 7" below. The 95%
confidence interval around this estimate was also
determined assuming random sampling techniques.

From this total estimate, the number of toxic
sites per region (R;) was estimated using an equally
weighted measure of 3 categories: number of sites
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found in the region, area of the region, and popula-
tion of the region; see the formula for R; later.
Countrywide Calculation Formula

Area Rgn;
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lead level of the samples taken at sites classified as
contaminated was 2723 ppm (n = 27); the US
EPA action level for lead in residential soil is 400

where

T is the total estimate of toxic sites countrywide.

N is the number of regions sampled.

% is the average number of sites found in sampled
districts.

R, is the estimated number of contaminated sites
in region i.

x; is the number of sites found in district 1.

b is the number of districts.

P is the total number of regions.

RESULTS

The team conducted data analyses between July and
August 2015. In total, 72 toxic sites were confirmed
(Table 2). For the purpose of this study, a con-
firmed toxic site was defined as having a soil sample
containing one of the predefined heavy metals at a
concentration above US EPA standards (or equiva-
lent) through instrumental XRF analysis. The
breakdown of contaminated sites by pollutant can
be seen in Figure 2. The geometric mean (GM)

Pop Rgn; )

T x;
3 Ef\’: 1 % H (Total Country Area) + (Tota[ Country Pop

ppm. The highest lead reading in a mixed-use
industrial/residential area was 97,835 ppm more
than 244 times the residential standard and 81
times the industrial standard. The GM of chro-
mium samples taken at contaminated sites was
628 ppm (n = 20). The highest chromium sample
recorded in the study was 4216 ppm more than
19 times the residential standard of 220 ppm.
The GM of arsenic samples taken at contaminated
sites was 101 ppm (n = 16). The highest sample
recorded was 5661 ppm more than 470 times
the standard of 12 ppm arsenic in either residential
or industrial soil. Cobalt (n = 7) and manganese
(n = 2) samples had geometric means of 846
ppm and 687 ppm, respectively.

Results Using Regional Analysis Methodology.
Analysis using the Regional Analysis technique
(bottom-up approach) for toxic site assessment
yielded 1521 and 1601 contaminated sites for esti-
mates based on area (km?) and population, respec-
tively (Table 3). Assuming equal weighting, the
mean number of contaminated sites was 1561 (95%

Table 1. Regional Characteristics and District Selection
Population Population Population Density No. of Districts
Region No. of Districts Area (km?) (2010 census) Weighting (%) (persons/km?) Chosen
Ashanti 30 24889 4,780,380 19.39 1921 1
Brong Ahafo 27 39557 2,310,983 937 584 1
Greater Accra 16 3245 4,010,054 16.26 2418 1
Central 20 9826 2,201,863 8.93 136.3 1
Eastern 26 19323 2633,154 10.68 1235.8 1
Northern 26 70384 2A79,461 10.06 35.2 1
Westem 22 23921 2,376,021 9.64 103.0 1
Upper East 13 8842 1,046,545 424 99.3 0
Upper West 1 18476 702,110 285 1184 0
Volta 25 20570 2,118,252 8.59 38.0 1
Total 216 239,033 24,658,823 100 8
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Figure 2. Key pollutants at confirmed contaminated sites.

confidence interval [CI]: 1135-1987), with a range
of sites between 8 and 311 per region.

Results Using Countrywide Analysis Methodology.
The Countrywide Analysis technique (top-down
approach) estimated 1944 existing contaminated
sites (95% CI: 812-3075) in Ghana. At the
regional level the range of estimated toxic sites is
51-444. The countrywide extrapolation statistics
and number of site estimates per region can be
found in Tables 4 and 5.

DISCUSSION
Significance of Results. The estimation and extrap-

olation techniques outlined in this study are a pre-
liminary attempt to estimate the scale of heavy

metals contaminated sites countrywide based on
district-level data. Such estimation has not pre-
viously been reported. The current extrapolation
indicates that there are between 1561 and
1944 heavy metal contaminated sites in Ghana
(CI 812-3075). The number of confirmed toxic
waste sites in Ghana according to the 2015 TSIP
database is 215. These estimates indicate that the
total number of contaminated sites in Ghana is
approximately 7 to 9 times the number of con-
taminated sites previously enumerated through
the TSIP methodology. When including only
those sites that are contaminated by lead,
arsenic, chromium, cobalt, and manganese, the
extrapolations reported by both methods are
between 16 and 20 times the currently enumerated

Table 2. Number of Contaminated Sites by District

Population Density No. of Confirmed
District Area (km?) Population (Inhabitants/km?) Contaminated Sites
Amansie West 1197 134,331 1122 7
Tano South 699 78,129 117 7
Abura/Asebu/Kwamankese 368 117,185 3184 6
Afram Plains South 4882 218,235 447 1
Ningo Prampram 1553 122,836 79.1 7
Yendi 4090 199,592 48.8 21
Ho 978 271,881 2781 5
Juabeso 2050 111,749 545 18
Total 72
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Table 3. Summed Regional Extrapolation (Methodology 1)*

No. of Confirmed Regional Extrapolation Regional Extrapolation Final Extrapolation
Region Contaminated Sites by Area by Population (50% Area, 50% Population)
Ashanti 7 14552 24911 197
Brong Ahafo 7 39588 207.05 301
Greater Accra 6 160.19 12165 1M1
Central 1 396 1207 8
Eastern 7 1463 22852 122
Northern 21 36138 26088 n
Western 18 105.20 3896 72
Upper East 0 20999 38272 296
Upper West 0 4025 6009 50
Volta 5 8410 4031 62
Total 72 1521.10 1601.35 1561
* Sample variance: 32,496; 95% confidence interval (CI; lower bound): 1135; 95% CI (upper bound): 1987.

number of sites in Ghana. Word of mouth and
footwork are the most effective tools for toxic site
identification.

This extrapolation offers insight into the poten-
tial number of sites contaminated by heavy metals
nationwide in Ghana. Reliable toxic site estimates
and potential exposure based on thorough data via
targeted sampling could greatly improve environ-
mental burden of disease estimates. Sites identified
via the TSIP protocol can help fill critical
knowledge gaps and play an important role in
policymaking.

Site identification efforts carried out through the
Toxic Sites Identification Program remain a cost
effective and technically simple yet sound way to
identify and rank contaminated sites. Going for-
ward, additional efforts should be made to verify
the population basis estimates calculated in this
study and determine country-specific capture rates
and underestimation factors. Verifying and narrow-
ing these estimates will greatly assist policymakers
and practitioners of public health as they continue
to address toxic sites and chemical exposures in
low- and middle-income countries. In those coun-
tries where toxic site data is extremely limited or
completely unavailable, completing a mapping exer-
cise within a representative sample of quadrats using
the methods outlined in this study has the potential
to greatly inform health and environmental policy.

Ghana has made notable efforts in curtailing
impacts from heavy metal exposures to both work-
ers and the general population. The central gov-
ernment has banned lead in consumer paint and
in 2003 successfully phased out lead in gasoline.
In the same year, Ghana ratified the Basel
Convention in support of controlling the

61

transboundary movement of hazardous wastes
and waste disposal. Yet, like many LMICs, ensur-
ing capacity to address the scale of contamination
problems requires policy enforcement, funding,
and thorough transitioning to best practices where
necessary. Information regarding existing numbers
of toxic sites and estimated projections are useful in
determining a stepwise plan toward further site
identification and eventual mitigation. Such esti-
mates are useful in prioritizing the limited reme-
diation funds available from developmental
organizations.

Study Limitations. Though the selection of districts
where site assessments took place was randomized,
sampling was not. Therefore, statistical techniques
to estimate the country total are not based on
simple random sampling, largely because of the
time-consuming and costly nature of randomly

Table 4. Countrywide Extrapolation (Methodology 2)

Countrywide
Basis Extrapolation
Districts sampled 8.00
Mean sites per sample 9.00
Standard deviation of the samples 6.82
Standard error for mean 237
t table value (5%) 236
95% Cl (lower) 339
95% Cl (upper) 14.61
Total districts 216
Total sites estimated 1944
Variance of total 228,852
95% ClI (lower bound) 8128
95% ClI (upper bound) 3075.2
Cl, confidence interval
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Table 5. Regional Site Estimates From Countrywide Extrapolation (Methodology 2)*

Estimated Sites Area Weighting Population Weighted Regional
Region No. of Districts Weighting (km?) Weighting Estimate
Ashanti 30 63 67 125 255.21
Brong Ahafo 27 63 107 60 230.54
Central 20 54 27 62 142.64
Eastem 26 9 52 69 130.09
Greater Accra 16 63 9 105 176.44
Northem 26 189 191 65 44451
Volta 25 45 56 55 156.04
Westemn 22 162 65 62 288.85
Upper East 13 0 24 27 51.28
Upper West n 0 50 18 68.41
Total 1,944.00
* Equal weights (33.333%) were given to each factor.

sampling throughout several thousand square kilo-
meters. The lack of randomization likely biases the
results slightly. However, because of the lack of
such a methodology in the scientific published
reports, there appears to be no “gold standard” for a
method.

In addition, because of analytical limitations of
the XRF sampling equipment, mercury, a highly
toxic transition metal, was not included in the sam-
pling analysis. The Agency for Toxic Substances
and Disease Registry suggests a health safety
limit of 1 ppm for elemental mercury; however,
the sampling equipment was unable to detect
mercury levels less than 15 ppm. Ghana’s rich
gold ore deposits make small-scale mining a viable
economic source for many low-income families. In
2013, the country’s total gold output stood at
97.8 tons.”” One-third of Ghana's annual gold
production likely comes from the artisanal and
small-scale industry and almost all gold is
exported.” Presently there are 77 mercury-
contaminated sites, largely the result of gold min-
ing, in the TSIP database. If the same extrapola-
tion found for heavy metals included in this study
is applied to mercury sites, we estimate there are
between 539 and 847 mercury-contaminated sites
throughout the country. However, because of a
lack of comprehensive identification and sampling
within a representative section of the country, these
values cannot be confirmed with any certainty. Had
mercury sites been included in the assessment, the
estimated number of toxic waste sites would have
increased substantially.

CONCLUSIONS

Our current extrapolation indicates that there may be
an estimated 1561-1944 heavy metal contaminated
sites in Ghana, excluding mercury-contaminated
sites. This is approximately between 7 and 9 times
the total number of contaminated sites in Ghana
previously documented in the TSIP. On a popula-
tion basis, it was estimated that there are between
31 and 115 contaminated sites per million inhabi-
tants in Ghana.

Identification of contaminated sites allows
health and environmental ministries to better allo-
cate limited resources for improved health surveil-
lance and remediation. Because of the costly and
time-consuming nature of toxic site identification
and analysis, contaminated site extrapolations
prove to be a valuable tool. The statistical
approaches used in this study can be replicated in
other countries to better understand the prevalence
of contaminated sites and formulate policy. Addi-
tional efforts should be made to verify the popula-
tion basis estimates calculated in this study and
determine country-specific capture rates and
underestimation factors.
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2.3. Paper Three

Ericson, B., Hariojati, N., Susilorini, B., Crampe, L. F., Fuller, R., Taylor, M. P., &
Caravanos, J. (2019). Assessment of the prevalence of lead-based paint exposure risk in
Jakarta, Indonesia. Science of The Total Environment, 657, 1382-1388.

This objective of this study was to evaluate the extent of lead-based paint use and exposure in
the Indonesian capital city of Jakarta. A subset of homes and preschools were selected in
different neighborhoods across the city. In total, 103 homes and 19 preschools were assessed
for the presence of lead-based paint and lead dust. The results indicated both that lead-based

paint did not seem be prevalent in Jakarta area homes or to present an apparent exposure risk.

While similar lead exposure assessments of housing have been carried out in high income
countries, the authors of the study are not aware of any such effort in LMICs. The study
contributes to a central theme of the overall thesis, which is that sources of exposure in
LMICs are distinct from those in high income countries. At present, the only existing
international effort to mitigate lead exposure in LMICs deals with the exposure risk presented
by lead-based paint.! In the context of the other papers presented in this thesis, this study

challenges the assumptions at the center of that approach.

References
1 WHO. WHO | Global Alliance to Eliminate Lead Paint. WHO 2017.
http://www.who.int/ipcs/assessment/public_health/gaelp/en/ (accessed Nov 11, 2017).
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commonly available in manylow and middle income countries (LMICs). Despite its continued availability, little
is known about the specific exposure risk posed by lead based paint in LMICs. To address this knowledge gap, an
assessment of home and preschool dust and paint was carried out in Greater Jakarta, Indonesia. A team of inves
tigators used field portable X ray Fluorescence (pXRF) to measure 1574 painted surfaces for the presence of lead
(mg/cm?) and collected 222 surface dust wipe samples for lead loading (ug/m?) from 103 homes and 19 pre
schools across 13 different neighborhoods of Jakarta. The assessment found that 2.7% (n = 42) of pXRF measure
ments and 0.05% (n = 1) of dustwipe samples exceeded the commonly applied USEPA guideline values for paint
(1 mg/cm?) and dust (floors: 431 pg/m?; window sills: 2691 pg/m?). Thus, contrary to expectations the locations
analyzed in Greater Jakarta showed that exposure risk to lead based paint appears low. Further study is required
in other settings to confirm the findings here. Precautionary measures, such as the proposed ban on lead based
paint, should be taken to prevent the significant social and economic costs associated with lead exposure.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: LMICs, Low- and Middle-Income Countries; pXRF, Portable X-ray

Fluorescence Instrument; MoEF, Ministry of Environment and Forestry.
* Corresponding author at: Pure Earth, 475 Riverside Drive, Suite 860, New York, NY,

USA.

E-mail address: bret@pureearth.org (B. Ericson).

Lead is a known neurotoxicant with a range of adverse health out
comes, including IQ decrement in children and cardiovascular effects
in adults (ATSDR, 2007). There is no known safe level of lead exposure

https://doiorg/10.1016/jscitotenv2018.12.154
0048-9697/© 2018 Elsevier BV. All rights reserved.
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(Centers for Disease Control and Prevention, 2017). With regard to lead
based paint, exposure can occur through direct ingestion of paint chips
or more commonly through incidental ingestion of lead dust (ATSDR,
2007; USEPA, 2008). Household lead dust is typically too large to pene
trate the lungs when inhaled and accordingly migrates via the
mucociliary elevator to the esophagus where it is ingested (ATSDR,
2007). Estimates of children's daily ingestion rates vary, with recent
studies in Bangladesh indicating they may be as high as 550 mg/day
(Kwong et al., 2017). The United States Environmental Protection
Agency's (USEPA) guidance on children's lead exposure utilizes the
widely accepted value of 85 135 mg/day based on studies carried out
in Massachusetts, USA in the 1990s (OSWER, 1994; Stanek and
Calabrese, 1995). Dermal exposure has not been demonstrated to be a
significant pathway for the biological uptake of lead (ATSDR, 2007).
Given children's significant hand to mouth behavior, rapid biological
uptake of ingested lead, and developing central nervous systems, they
are at greater risk of adverse health outcomes from exposures
(Abrahams, 2002; ATSDR, 2007; Mielke and Reagan, 1998). In serious
cases, exposure to lead based paint can result in very high blood lead
levels (Gulson et al., 1995; Marino et al., 1990).

The prohibition of lead based paint use for residential purposes first
occurred in 1920 in Brisbane, Australia (Needleman, 2004). Throughout
the 20th century most high income countries enacted similar bans
(Needleman, 2004; UNEP, 2016). By contrast, most low and middle
income countries (LMICs) did not (UNEP, 2016). A recent study by the
United Nations Environment Program reported that only 70 of 196
countries surveyed had existing laws regulating the use of lead in deco
rative paints (UNEP, 2016).

Alarge number of lead based paint exposure assessments have been
undertaken in high income countries with a marked dearth of similar
assessments in LMICs despite its continued availability (Jacobs et al.,
2002; Pirkle et al., 1998; Schwartz and Levin, 1991). The authors are
not aware of any study assessing exposure to lead based paint in
Indonesia. Studies that have examined lead based paints in LMICs
have focused primarily on its available in the market, rather than on ex
posure (Clark et al., 2006, 2009; Montgomery and Mathee, 2005). A
2014 study by the International POPs Elimination Network (IPEN) of 7
South and Southeast Asian countries found that 76% of 803 oil based
enamel paints contained >90 mg/kg lead (Brosché et al., 2014). The
value of 90 mg/kg is a widely accepted threshold used by the United
States Consumer Product Safety Commission, among others (CPSC,
2008; UNEP, 2016). In Indonesia, the IPEN study found that 77% of 78
paints sampled had >90 mg/kg. The average concentration of analyzed
paints was 17,300 mg/kg. For colored paints specifically, the average
concentration was 27,500 mg/kg, while 80% contained >90 mg/kg
(Brosché et al., 2014). In 2015 Indonesia passed a voluntary standard
for solvent based decorative paints with a maximum concentration of
600 mg/kg (SNI 8011 2014) (National Standardization Agency of
Indonesia, 2014). The Ministry of Environment and Forests (MoEF)
has expressed its intention to phase out lead based paints entirely in
2018, though as of November 2018 the phase out had not occurred
(BaliFokus, 2017).

The objective of this study is to address the paucity of published
lead based paint exposure assessments in LMICs by characterizing and
evaluating the extent of the problem in Greater Jakarta. This study de
tails the outcomes of environmental assessments conducted in Jakarta
homes and preschools between September 2016 and August 2017. It
was designed to assess both the extent to which lead based paint was
present in Jakarta homes and preschools and whether environmental
lead levels in household and preschool dust exceeded relevant exposure
threshold values. An effort was made to select a set of structures that
would be geographically and economically representative of the city
as a whole and unlikely to be affected by informal lead smelting. Assess
ments were conducted in a manner that was broadly consistent with
similar exposure assessments conducted elsewhere (US HUD, 2012;
USEPA, 1995). The study utilized field portable X ray Fluorescence
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(pXRF) instrumentation to assess the presence of lead based paint.
Lead dust was measured via acid digestion and analysis of surface
wipes collected in accordance with the method ASTM E 1728 16
(ASTM, 2016).

2. Methods
2.1. Setting

Jakarta is the capital city of Indonesia, situated on the northwestern
coast of the island of Java. In 2015, it had a population of approximately
10 million people having grown from 5 million in 1975 (United Nations,
2014). Jakarta city itself is divided among 6 different regencies (Central,
East, North, South and West Jakarta, and Thousand Islands). The Greater
Jakarta area is generally considered to include Jakarta proper and 4
more neighboring regencies (Bogor, Depok, Tangerang, and Bekasi), to
gether comprising the second largest metropolitan area in the world
after Tokyo. Greater Jakarta had a population of approximately 28 mil
lion people in 2010, growing at a rate of 2.6% per year (Pravitasari
et al., 2015).

2.2. Structures assessed

In situ assessments of 103 homes and 19 preschools in 13 differ
ent Jakarta neighborhoods were conducted during the study period.
The 13 neighborhoods were located in 10 Jakarta area regencies
(Bekasi City, Central Jakarta, Depok, East Jakarta, Kota Bogor, North
Jakarta, South Jakarta, South Tangerang, Tangerang and West Ja
karta). Fig. 1 depicts the spatial distribution and number of struc
tures assessed across Greater Jakarta. Neighborhood selection was
based on three criteria: geographic representation, household in
come, and the absence of any known lead smelter. With regard to ge
ography and income, heterogeneity was prioritized to facilitate the
collection of samples from households with different incomes
throughout the city. With regard to the presence of lead smelters, in
formal lead smelting is common in Jakarta (Haryanto, 2016). Neigh
borhoods were therefore selected to limit the influence that smelter
emissions might have on the study.

Socioeconomic data were not available at the neighborhood level.
The most granular level for which this data could be identified was re
gency (Central Bureau of Statistics, 2015, 2017). Accordingly the sample
could not be evaluated to determine economic heterogeneity. As an al
ternative, neighborhoods that were presumed to be economically het
erogeneous were selected jointly by the study authors and the
Ministry of Environment and Forestry (MoEF). Individual homes
representing low, middle, and high incomes were then identified in tan
dem with local government officials (i.e. sub district office) in each
neighborhood. This selection was guided by the Indonesian Ministry
of Housing regulation 11/PERMEN/M/2008 which lays out characteris
tics of low, middle and high income housing, including descriptions of
size, condition and cost (Ministry of Housing, 2011).

Home and preschool owners were required to sign consent forms
before the study began. During the assessment, occupants completed
a questionnaire consisting of approximately 27 questions for preschools
and 44 for homes. The questionnaire collected data describing the struc
ture itself, its use, and its occupants. Of the 103 homes assessed, house
hold income level was determined in all but one. Of these, 25 were high
income, 38 were middle income and 39 were low income. Of the 122
total structures assessed, 3 were built between 1970 and 1980; 5 were
built between 1981 and 1990; 25 were built between 1991 and 2000;
68 were built between 2001 and 2010; and 20 were built between
2011 and 2015. Age was not determined for one structure. The majority
of homes (n = 53 or 52%) and all preschools had occupants under
6 years of age.
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Indonesia

Source: Esri, DigitalGlobe, GeoEye,
Earthstar Geographics, CNES/A rbus
DS, USDA, USGS, AeroGRID, IGN,
and the GIS User Community

Jakarta

Fig. 1. Study location depicting the number of houses (H) and preschools (PS) in each regency assessed for the presence of Pb-based paint and lead indust.

2.3.X ray fluorescence measurements

Each wall of each assessed room was checked for lead based paint
with pXRF instrumentation with lower instrument detection limits for
lead in paint of <0.02 mg/cm? after a 3 s test (Olympus NDT, 2017;
Thermo Scientific, 2017). A Niton XL3t and an Olympus Delta Classic
Plus instrument were used for the assessment. Both instruments were
calibrated according to their respective manufacturers' instructions be
fore use. Given that Indonesia does not have a comparable standard for
painted surfaces, the USEPA threshold of 1 mg/cm? was used for assess
ment purposes (USEPA, 1998, 2008). Thus, painted surfaces with a lead
concentration of >1 mg/cm? were classified as positive for lead based
paint. In total, 1574 measurements of painted surfaces were compiled
for inclusion in this study. The surfaces tested comprised: 1359 walls,
114 window frames, 52 from playground equipment, and 49 pieces of
furniture. The study took an average of 12 pXRF paint measurements
per house (range: 4 26) and 18 pXRF paint measurements per pre
school (range: 8 58).

2.4. Dust wipes

A total of 222 dust wipe samples were collected using Ghost
Wipes®, nonwoven polyvinyl alcohol fiber wipes moistened with de
ionized water. Of these, 205 dust wipes were collected from floors and
17 from window tracks. An average of 1.7 (range: 1 8) wipes were
taken at each house and an average of 2.3 (range: 1 7) wipes were
taken at each preschool. In total 179 wipes were collected from homes
and 43 from preschools. Each floor sample consisted of a wipe over a
60 cm x 60 cm area as per the method set out in ASTM E 1728 16

(ASTM, 2016). Sampled dust wipes were placed in individually labeled
and sealed Nasco Whirl Pak® polyethylene bags. Information about
each wipe, including sample ID, wiped surface area and location was re
corded in the field. Used wipes were couriered to a certified laboratory
in New Jersey, USA (EMSL Analytical, Inc.) for analysis of acid digestible
lead using flame atomic absorption spectrophotometry (modified
USEPA Method 700B) (A2LA, 2017; USEPA, 2007). The laboratory limit
of reporting based on the lowest standard analyzed in its calibration
was <10 pg (Pb)/wipe.

In an effort to provide a conservative estimate of lead dust loading,
floor wipe samples were focused on areas expected to have higher
dust accumulation. Sampling the center of rooms was avoided because
it was anticipated that dust concentrations would be lower due to
cleaning and foot traffic. With regard to windowsills, these areas have
been identified as an important source of lead based paint exposure in
the US (Dixon et al.,, 2009; Lanphear et al., 1996; USEPA, 2010). How
ever, windowsills are not common in Indonesian households and as a
result were not available for sampling in the homes examined for this
study. As an alternative, a limited number of dust wipe samples were
collected from the track of horizontally oriented sliding windows. Al
though this study relies on US regulatory standards to guide interpreta
tion of the lead in surface wipes, all data is reported in metric using the
National Institute of Standards and Technology conversion of
0.09290304 ft2 per m? (Butcher et al., 2006).

2.5. Statistical analysis
Where the data were amenable, regression analysis was conducted

to assess the relationship between the results of the questionnaire and
those of the environmental assessment. For the purpose of regression

67



B. Ericson et al. / Science of the Total Environment 657 (2019) 1382-1388 1385

analysis, pXRF measurements were converted to dichotomous variables
with samples above the 1 mg/cm? USEPA guidance level coded as posi
tive for lead based paint. Dust wipes were considered positive if the re
sults showed detectable lead within the laboratory reporting limits.
Dust wipe results were also assessed as continuous variables to deter
mine the relative influence of multiple independent variables on lead
loading.

The results of environmental analysis were regressed against the fol
lowing questionnaire categories: structure age (continuous in years),
presence of air conditioning (absence = 0, presence = 1), cleaning fre
quency (0 3 times per day), presence of a garden (absence = 0,
presence = 1), renovation within preceding 12 months (no = 0, yes
= 1), and presence of pets (no = 0, yes = 1). Multiple logistic regres
sion was used when the dependent variable was dichotomous with
multiple linear regression being applied when the dependent variable
was continuous. Income data were not collected for preschools. To as
sess whether household income influenced the presence of lead based
paint or lead dust, a simple logistic regression model was run for
homes only with the inclusion of the independent variable income
(low = 1, middle = 2, high = 3). Finally, simple logistic regression
was conducted to assess the relationship between positive paint and
dust samples. Statistical analysis was conducted using Stata 15.1
(StataCorp. LP, 2017).

3. Results

The majority of samples analyzed fell below the instrument and lab
oratory reporting limits of the relevant analysis method. The results are
summarized below for both pXRF and dust wipes. Table 1 presents the
results of pXRF measurements against subgroups. Table 2 presents the
results of the dust wipe analysis.

Table 1
Prevalence of lead-based paint in structures assessed in Jakarta.

Structures assessed with Structures with >1 positive
pXRF pXRF reading
(>1 mg/cm?)

Number Percent of Number Percent of

sample subgroup
Total 122 100.0% 16 13.1%
Structure Type
Preschools 19 15.6% 5 26.3%
Homes 103 84.4% 11 10.7%
Construction Year
1970-1980 3 2.5% 3 100%
1981-1990 5 4.1% 2 40%
1991-2000 25 20.5% 2 8.0%
2001-2010 68 55.7% 7 10.3%
2011-2015 20 16.4% 2 10%
Unknown 1 0.8% 0 0%
Income (Homes
only)
High Income 25 24.3% 3 12.00%
Low Income 39 37.9% 5 12.8%
Middle Income 38 36.9% 2 5.3%
Unknown Income 1 1% 1 100%
Regency
Bekasi 12 9.8% 2 16.7%
Bogor 13 10.7% 0 0%
Central Jakarta 20 16.4% 0 0%
Depok 10 8.2% 0 0%
East Jakarta 8 6.6% 2 25%
North Jakarta 17 13.9% 2 11.8%
South Jakarta 9 7.4% 6 66.7%
South Tangerang 8 6.6% 3 37.5%
Tangerang 11 9% 1 9.1%
West Jakarta 14 11.5% 0 0%

68

3.1. Portable XRF results

Of the 1574 paint samples analyzed with a pXRF, 2.7% (n = 42) were
positive, meaning they exceeded the USEPA lead based paint guideline
of 1 mg/cm? (range: 1.16 6.42; median = 2). The balance (n = 1532;
97.3%) of the paint samples were negative, meaning they were below
the USEPA guideline. Seventy eight percent (n = 1232) of pXRF mea
surements were below the instrument limit of detection
(0.02 mg/cm?). Among the 42 positive measurements 19 were in
homes and 23 were in preschools. Of the 23 positive measurements in
preschools, 4 were from walls, 13 were from playground equipment
and 6 were from classroom furniture. Within homes, 17 of the 19 posi
tive measurements were from walls, while 2 were from windows.

Eleven homes (10.7% of all homes assessed) and 5 preschools (26.3%
of preschools assessed) had at least one positive pXRF paint reading. Ap
proximately 7% (n = 23) of the 330 pXRF measurements taken in pre
schools and 1.5% (n = 19) of the 1244 pXRF measurements taken in
homes were positive.

3.2. Dust wipe results

Of the 205 dust wipes taken from floor surfaces, a single sample
(0.05% of analyzed wipes) exceeded USEPA action level for floor sur
faces of 431 pg/m? (40 pg/ft?) (USEPA, 1998). This wipe was taken
from the floor of a preschool and had a loading of 555 pg/m?. A further
twenty three wipes (11.2%) had loadings within the reporting range
of the laboratory but below the USEPA action level. These wipes
returned a median reading of 50 pg/m? (IQR: 42 66 pg/m?).

Of the seventeen window track wipes taken, none had loadings ex
ceeding the USEPA action level of 2691 ug/m? (250 pg/ft?) for window
sills (USEPA, 1998). Fourteen samples (82.3%) with a median loading
of 522 ug/m? (IQR = 312 1184) were above the reporting limit but
below the USEPA action level for windowsills. The highest dust wipe
loading (1829 pg/m?) came from a window track.

In total 20 structures had at least one dust wipe with results within
the reporting limits. Of these 16 were from homes (15.5% of all homes
assessed) and 4 were from preschools (21% of all preschools assessed).

3.3. Results of statistical analysis

An evaluation of structures with at least one positive pXRF measure
ment against the results of the questionnaire found a statistically signif
icant association with the age of the structure only (p < 0.05; z = 2.36).
Older structures were more likely to have lead based paint than newer
structures.

In structures where at least one dust wipe was within the laboratory
reporting limits, a statistically significant association was identified with
the presence of an air conditioner only (p < 0.05; z = 2.22). Structures
with air conditioning were more likely to have detectable lead dust
than those without air conditioning.

In assessing factors contributing to lead loading, a statistically signif
icant relationship was identified with a recent home renovation only (p
<0.01). With regard to household income, this variable was not a statis
tically significant predictor of the presence of lead based paint or lead
dust. Finally, a statistically significant relationship was identified be
tween structures with at least one positive pXRF measurement and a
dust wipe within the laboratory reporting limits (p < 0.01; z = 3.03).

4. Discussion

This study of 103 homes and 19 preschools in Greater Jakarta found
that lead based paint exposure risk appears to be low. A small number
of surfaces in this study were found to contain lead based paint; only
42 of 1574 of pXRF measurements (2.7%) across a range of surfaces in
homes and preschools were found to contain lead based paint. Further,
lead based paint was found in a minority of structures; 10.7% of homes
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Table 2
Analysis of dust wipes from floors and window tracks.
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Surface Total Samples within laboratory reporting limits USEPA action  Number of samples above action level
samples Number within reporting limits (% Mean pg/m?> Median pg/m? Range level (% of total)
of total) (SD) (IQR) ug/m?
Floors 205 38 (18.5%) 58 (86) 36 (IQR: 28-56) 28-555 431 pg/m? 1 (0.048%)
Window tracks 17 14 (82%) 738 (600) 522 (IQR =312-1184) 107-1829 2691 pg/m* 0 (0%)

and 26.3% of preschools contained at least one surface with lead based
paint. For individuals to be at risk from lead based paint hazards, they
must first become exposed. This typically occurs through ingestion of
deteriorated lead based paint as dust (Dixon et al., 2009). Analysis of
the surface wipes collected in this study revealed that only one sample
(0.05%) of 222 analyzed presented above the USEPA action level of 431
ug/m? (40 pg/ft?). For context, in 1990, 12 years after lead based paint
was phased out in the US, the USEPA conducted a national lead based
paint survey that evaluated 381 housing units (USEPA, 1995). The
study found that 83% of homes contained lead based paint somewhere
in the building (USEPA, 1995). Dust wipes in the corresponding homes
found lead dust above the contemporaneous guidelines (2152 pg/m? for
floors, 5381 pg/m? for windows) in 12 29% of samples (USEPA, 1995).
Thus by comparison, the results of the present study, conducted before
a legislative phase out in Indonesia, seem to show a much lower risk. Of
note, a 2002 study led by the US Department of Housing and Urban De
velopment with a larger sample size and more robust assessment
method than the 1990 effort found a much lower prevalence (40%) of
American homes with lead based paint somewhere in the building
(Jacobs et al., 2002).

It is important to discuss the difference between the results of this
study and those of the 2014 IPEN study or its precursor conducted in
2013 (Brosché et al., 2014; Ismawati et al., 2013). The IPEN effort
found that 77% of store bought enamel paints, selected at random,
contained >90 mg/kg lead, meaning they were lead based. By contrast,
this study found that only 2.7% of all samples of both enamel and non
enamel paints could be classified as lead based paint. Thus while lead
based paints seem to be widely available on the market, they do not
seem to be prevalent in Jakarta homes or preschools. One possible rea
son for this might be the limited use of enamel paints more generally
in these settings. Enamel paints are evidently more prevalent in pre
schools where brightly colored coatings are common, especially on
playground equipment. Indeed, given that this study found a higher
prevalence of lead based paints in preschools than schools (7% of all
samples compared to 1.5%, respectively) seems to be consistent with
this anecdotal observation. However, even in these settings few mea
surements of enamel paints were positive for lead based paint. Impor
tantly, these results are not immediately comparable with IPEN's as
their study presents concentrations (mass per mass or mg/kg) while
this study utilizes loadings (mass per area or pg/m?). Relevantly, with
regard to exposure assessment, lead loading has been shown to be the
more significant predictor of children's BLLs (Davies et al., 1990;
Gulson and Taylor, 2017; Lanphear et al., 1995).

As noted above, exposure to lead based paint occurs most signifi
cantly through the ingestion of deteriorated lead based paint as dust
(Dixon et al,, 2009). A number of factors can contribute to the peeling
or chipping of enamel paints, including the presence of air conditioners
and home renovation work. Home renovation work can play a direct
role in mobilizing lead dust as coverings are chipped or sanded
(Marino et al., 1990; Rabinowitz et al., 1985). High ambient humidity,
like that present in Jakarta, can contribute to peeling paint. Thus the
presence of air conditioners, which dehumidify the ambient environ
ment, has been associated with decreased blood lead levels (Jacobs
et al., 2009; Kimbrough et al., 1995; Othman et al., 2015). In this
study, the presence of air conditioners inside homes was associated
with an increased likelihood of detectable lead dust, which is in contrast
to studies conducted elsewhere. The reasons for this were not

immediately clear, though future studies might endeavor to further
evaluate this result, including possible interactions with outdoor air.

There is some limited evidence that lead dust exposure can be miti
gated through regular cleaning, although the efficacy of education and
home interventions has elsewhere been questioned (Ettinger et al.,
2002; Nussbaumer Streit et al., 2016). In this study, 100% of survey re
spondents reported sweeping and mopping at least once daily. Of
these 60% (n = 74) reported sweeping and mopping at least twice
daily and 3% (n = 4) reported sweeping and mopping three times
daily. There was no statistically significant relationship identified be
tween cleaning once or three times daily, however it is possible that
low lead loading is attributable in part to diligent cleaning practices. Fu
ture efforts might more thoroughly evaluate the influence of cleaning
than was attempted here.

The Indonesian government ostensibly intends to ban the sale of
lead based paint imminently (BaliFokus, 2017). This study suggests
that even in the absence of such a ban, lead based paint exposure in Ja
karta may be decreasing. Newer structures in this study were less likely
to have lead based paint than older ones (p < 0.05). In this context, the
phase out can be seen as precautionary in nature rather than as a reac
tion to a confirmed public health risk. This measure could potentially
mitigate both human health risks and economic costs associated with
abatement. For example, a 2009 study in the United States found that
the costs of mitigating lead based paint exposure ranged from USD
1200 10,800 per household (in 2006 USD) (Gould, 2009). Extrapolating
for the country as a whole, the same study found that mitigating expo
sures in the 1.02 million homes at significant risk would cost USD
1.2 11 billion (Gould, 2009).

This study has a number of limitations. Among them is the reliance
on different levels of government to identify households for inclusion
in the study. This introduced the possibility of a sampling bias, meaning
that homes may have been included or excluded in an effort to influence
the results unbeknown to the research team. However, given the lim
ited knowledge of the use and risk associated with lead based paints
in Indonesia, such a scenario would be unlikely. A second related limita
tion is the income designations used in the study. Income data at the
household level were not available to randomly select structures for in
clusion. Thus, the study relied on local (sub district) officials to identify
households in each income group. This again introduces the possibility
of sampling bias and inaccurate assessment. Anecdotal evidence ob
tained by site investigators indicated that income designations were ac
curate, however this information was not further evaluated by other
means, such as the questionnaire. Nevertheless, because income could
potentially influence the use of lead based paints, this represents a
study limitation. Finally, the small sample size limited the number of
analyses that could be conducted. The relative impact of neighborhood
or regency location, for example, could not be properly evaluated due
to the sample size.

5. Conclusion

Exposure to lead from lead based paint in Greater Jakarta appears to
be limited. Although lead based enamel paints are widely available for
sale, this study found that they do not seem to be highly prevalent in
settings where humans are most at risk or significantly contribute to
lead dust loadings. Further study is required to confirm the findings
here. While the current lead based paint exposure risk appears low,
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the anticipated regulatory ban is an important precautionary measure
to prevent the high economic and social costs associated with lead
based paint exposure as experienced in high income countries.
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2.4. Paper Four

Ericson, B., Otieno, V.O., Nganga, C., St. Fort, J. and Taylor, M.P. (2019). Assessment of
the Presence of Soil Lead Contamination Near a Former Lead Smelter in Mombasa, Kenya,
Journal of Health and Pollution, 9(21), 190307.

The fourth paper in Chapter 2 describes the extent and severity of surface soil lead
contamination in an informal settlement abutting a former lead smelter in Mombasa, Kenya.
The smelter had been the subject of significant international scrutiny following an apparent
lead poisoning event.! A community organizer and former smelter employee was awarded the
Goldman prize for her role in shuttering the facility, while the Kenyan Ministry of
Environment and Forests (MoEF) was sued by the community for permitting the smelter’s
development. The research was conducted at the invitation of MoEF for the purpose of

developing a risk mitigation plan.

This study is the second in Chapter 1 to find limited exposure risk associated with high
profile sources. The first such study focused on lead-based paint (Paper 3). In that case, the
absence of exposure risk challenged assumptions at the center of international efforts. Here,
the heightened profile of the site was also based on limited data. The paper thus supports the
importance of evidence-based decision making. In-situ environmental data collection is
combined with multiple modeling approaches to evaluate aerial deposition, residual

contamination and attributable BLL increases.
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Introduction

Lead smelting is a significant source
of global soil contamination.”*
Surface soil lead concentrations in
residential areas can result in exposure
to humans through pica (hand-to-
mouth) behavior and the inhalation
and ingestion of contaminated soil and
dust.”® Accordingly, several studies
have demonstrated that blood lead
levels (BLLs) are strongly associated
with soil lead concentrations.”" There
is currently no known safe level of
exposure to lead, although the United
States Centers for Disease Control
(CDC) utilizes a reference dose of 5
pg/dL.**" Childhood lead exposure
can result in intelligence quotient
decrement, decreased lifetime earnings
and higher rates of aggravated assaullt,
among other adverse outcomes."**
Early life exposures have also been
shown to not remit with age.”"
Although rare, extreme acute lead
exposure can result in encephalopathy
and death.”” Lead exposure in adults

Journal of Health & Pollution Vol. g9, No. 21 — March 2019

Background. The informal settlement of Owino Uhuru near an abandoned lead smelter

attracted international attention due to an apparent lead poisoning event. Despite this
attention, the environmental data collected to date do not indicate high levels of residual

contamination.

Objectives. To further confirm previous findings and determine any necessary risk mitigation

measures, an assessment of surface soil lead concentrations was conducted in the community.

Methods. Investigators carried out an assessment of the soil in a ~12,000 m? section of the

Owino Uhuru neighborhood over the course of a single day in June 2017 with the assistance

of community leaders. Fifty-nine in situ soil measurements were taken using an Innov-X
tube-based (40 kV') alpha X-ray fluorescence instrument (pXRF).

Results. The assessment found that mean surface soil lead concentrations in areas conducive

to exposure were 110 mg/kg (95% CI: 54-168); below United States Environmental Protection
Agency and the Environment Canada screening levels of 400 mg/kg and 140 mg/kg, respectively.

Conclusions. There is likely no current need for risk mitigation activities in the community.

These results could inform discussions on the allocation of public health spending.
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most significantly results in increased
incidence of heart disease, even at low
levels of exposure.””?' The Institute
for Health Metrics and Evaluation
(IHME) estimates that lead exposure
accounted for 540,000 deaths globally
in 2016.”

Over the course of the 20th century,
environmental lead contamination
was most strongly associated with

the use of tetraethyl lead additives

in gasoline.””*® In the United States,
lead-based paint was also a significant
source of exposure.””** Following the
cessation of the use of lead in these
two common products, blood levels
have fallen significantly. For example,
in the United States, average childhood
blood lead declined from around

73

15 pg/dL in the mid-1970s, falling

to < 1 pg/dL today.””** Elsewhere in
high-income countries, persistently
elevated environmental and biological
lead levels continue to be documented
around mining and smelting
locations.”*!

In low- and middle-income countries
(LMIC), current major sources of
lead exposure include traditional
ceramic glazes and the manufacture
and recycling of lead-acid batteries,
particularly when conducted in an
informal setting.”** Discrete lead
poisoning events have also been
identified at mining and smelting
locations.**

In Kenya, elevated environmental

Ericson et al
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and blood lead concentrations have
been documented in occupational
settings.”” However, there is a paucity
of information about exposures in
the home or in residential areas.
Data collected as part of the Pure
Earth (New York, NY, USA) Toxic
Sites Identification Program indicate
that domestic lead exposure may

be significant.’’ The program has
identified and conducted rapid
assessments of 60 discrete lead
contaminated sites located in
residential areas in Kenya since 2009.

A lead poisoning event in 2014
centered around a lead smelter in the
coastal city of Mombasa garnered
international attention.”"** News
reports documented elevated BLLs and
three deaths in the worker population
at the refinery.“® Limited reports of
elevated BLLs were also later found in
Owino Uhuru, an informal settlement
of approximately 3,000 residents with
an area of 28 000 m? bordering the
northern wall of the facility (Figure

I1). A 2010 study of three children
found BLLs of 12, 17 and 23 pug/

dL, while a later report of a separate
child found a BLL of 32 ug/dL."*%¢ A
community leader in Owino Uhuru
and former employee of the smelter
was awarded the prestigious Goldman
Environmental Prize for her work in
raising public awareness that would
eventually lead to the closure of the
facility in 2014.*>*” The community
subsequently filed a lawsuit against
the national government for USD

1.5 million in compensation for its
failure to monitor emissions from the
smelter.*

Following the closure of the facility in
2015, a study of environmental lead
concentrations and community BLLs
was carried out jointly by the Kenya
Ministry of Health and the CDC.

The study found a geometric mean
surface soil lead concentration in the
community of 146.5 mg/kg (geometric
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Abbreviations

BLLs Blood lead levels LMIC
CDC Centers for Disease Control
and Prevention ~ pXRF
GSD Geometric standard deviation
USEPA

IEUBK

Integrated Exposure Uptake
Biokinetic model for children

Low- and middle-income
countries

Alpha X-ray
fluorescence instrument

United States Environmental
Protection Agency

- S e

Surface Soil Lead (Pb) Concentrations
Owino Uhuru, Mombasa, Kenya
26 June 2017

Pb (mglkg)

® 17-400

O 401-1200

© 1201-2000

® 2001-5824
- Smelter Perimeter

Figure 1 — Location and concentration of in-situ X-ray fluorescence

instrument surface soil lead measurements in Owino Uhuru
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standard deviation (GSD): 5.2) and
dust lead loadings in homes of 1.5 pg/
ft? (GSD: 12.3).* These results were
significantly below applicable United
States Environmental Protection
Agency (USEPA) screening levels for
residential soil and household dust of
400 mg/kg and 40 pg/ft?, respectively.”
In contrast with the low environmental
levels, the study found a geometric
mean BLL in children of 7.4 ug/

dL (GSD: 1.9) in the community,
exceeding both the CDC reference
dose of 5 pg/dL and the BLLs found in
a control neighborhood away from the
facility of 3.7 ug/dL (GSD: 1.9).7**

Importantly, while the BLLs found

in Owino Uhuru exceeded CDC
guidelines, they were somewhat lower
than those reported in communities
near lead smelters elsewhere in
LMICs. Researchers working near lead
smelters in the Dominican Republic,
Mexico, Senegal and Vietnam, for
example, have reported population-
wide BLLs in children of 71 ug/

dL (arithmetic mean), 27.6 ug/dL
(median), 40.4 pug/dL (median), and
129.5 pg/dL (mean), respectively.”>">*

Despite the absence of evidence

of residual contamination, the site
continues to attract national and
international attention.”* To further
assess the veracity of the claims of
contamination and provide the basis for
necessary human health intervention
strategies, an investigation of surface
soil lead concentrations was carried

out in Owino Uhuru in June 2017. This
type of assessment forms the evidence-
based rationale for any subsequent
actions required to mitigate potential
risk of harm arising from soil and dust
contamination. Moreover, the results of
the assessment in the context of its high
profile potentially provide insight into
the setting of public health priorities.

The results of this assessment are
presented along with a simple air
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deposition model developed to estimate
likely surface soil lead concentrations
resulting from smelter emissions during
its operation. The results of these
models were used to estimate BLLs in
children and adults in the absence of
population data on exposures.

Methods

Investigators carried out an assessment
over the course of a single day in
June 2017 with the assistance of
community leaders. Fifty-nine in

situ soil measurements were taken
using an Innov-X tube-based (40 kV)
alpha X-ray fluorescence instrument
(pXRF) over a ~12 000 m? section of
the Owino Uhuru neighborhood that
is adjacent to the facility. The pXRF
has a lower detection limit of 5 mg/
kg.” Fifty-seven measurements were
taken directly from surface soil, while
two were taken at a depth of 10 cm.
Two of the surface soil measurements
were taken from an area within

the perimeter wall of the smelter,
which are unlikely to be accessed by
humans and thus are not indicative
of community exposure. The pXRF
was calibrated before the assessment
using an alloy-grade 316 steel clip and
measurement accuracy was evaluated
by assessment of a National Institute
of Standards and Technology (NIST)
standard (2702: Inorganics in Marine
Sediment) during the assessment.”®
The NIST reference material contains
a known value for lead of 132.8 mg/
kg. The pXRF measurement of this
material found a value of 137 mg/kg
(+/-10) for lead and was thus within
acceptable range. The inside of the
facility was not accessible and was not
assessed.

Spatial and statistical analysis
Latitude and longitude for each
sample point were collected using

World Geodetic System 1984 format
using a Garmin eTrex 10 with an
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accuracy of < 3 meters.”” Spatial and
statistical analyses were performed
using ArcMap 10.5 and Stata 15.5°¢
Basic descriptive statistics of the data
were generated to assess exposure. In
addition, simple linear regression was
conducted to assess any relationship
between lead concentration and
proximity to the smelter.

Aerial deposition model

To determine soil lead concentrations
resulting from aerial emissions, a simple
algorithm was developed based on
known deposition rates of lead smelters
in different settings. To determine

the spatial extent of lead deposition,

a Gaussian plume model was used to
estimate the likely distributions in the
Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model
developed by the United States Oceanic
and Atmospheric Administration.”
Using contemporaneous meteorological
data and the inputs set out below,

the HYSPLIT model indicated that
deposition was uniform within a range
of 750 m of the smelter in all directions.
The entire residential area of the Owino
Uhuru falls within 300 m of the smelter
stack. Thus, deposition was assumed to
be uniform across the community.

A number of studies indicate that the
accumulation of lead in soil is additive,
meaning that concentrations increase
proportionate to deposition.**
Alloway sets out a simple mass

balance equation where background
concentrations are increased by the
accumulation of metals from various
sources with any reductions occurring
due to crop removal, leaching,
volatilization or erosion. In the case

of Owino Uhuru, as no agriculture

is present in the assessed areas, crop
removal would not be a relevant factor.
Similarly, lead is highly immobile

in soil and is not volatile (1.77 mm
mercury at 1,000°C), thus leaching and
volatilization would not appreciably
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affect the net concentration of lead

in s0il.***” Equation 1 sums the total
estimated inputs and only accounts for
limited migration.

Equation 1

where

SCmg/kg equals surface soil lead
concentration

Dimg/m? equals deposition rate of lead
in mg/m? per day

Og equals number of days of operation
per year

Oy equals number of years of
operation

SVm? equals volume of soil in m?

SMkg/m?* equals mass in kilograms of
one unit of soil

BCng/kg equals background soil lead
concentration

Deposition rate inputs were based

on van Alphen’s study of an area
surrounding a lead smelter in Port
Pirie, New South Wales, Australia.
This study found a mean deposition
rate of 18.8 mg/m?*/day within 600

m of the smelter with maximum
deposition rate of 299 mg/m?/day.**
These values are higher than those
documented elsewhere. Studies at lead
smelters in Arnhem (the Netherlands),
El Paso (Texas, USA), Hoboken
(Belgium), Missouri (USA), and Port
Pirie (Australia) found deposition
rates ranging from 0.1-17.5 mg/m?/
day, for example.’***7? There are no
known studies of deposition rates at
rudimentary smelters like the one
operated by the Mombasa facility, thus
the selection of the highest deposition
rates identified in the literature is
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intended to best approximate the
poor conditions present at the facility.
Similarly, a conservative stack height
of 10 m was used for the purposes of
modeling deposition.

Days of operation were assumed to be
260 days per year based on 5 days of
operation per week for 52 weeks. The
time period of the smelter operation was
set at 10 years, based on news reports,
which were the only available data.®

To determine the relevant mass of soil,
a volume was calculated based on a
likely penetration of deposited lead to
a maximum depth of 2 cm. The 2 cm
value is based on studies of the isotopic
composition of soil lead at a smelter in
Mount Isa, Australia.”””* Mackay et al.
found that lead found below this depth
tended to be associated with naturally
occurring deposits, rather than aerial
deposition from the smelter.”” The

soil type at the site is Haplic Lixisol
with an approximate clay, silt and

sand content of 18%, 27% and 55%,
respectively and a mass of roughly 1.4
grams/cm®.”” These soils are conducive
to metals mobility more generally, as
discussed below. For the purpose of
the sensitivity analysis the model was
also run with a depth of 5 cm. Studies
at a smelter in Boolaroo, Australia
found deposited lead at a maximum
depth of 5 cm with 80% less lead in the
lower 2.5 cm than the top 2.5 cm.”

Background lead concentrations for
the study area were not available. As an
alternative, the mean background lead
concentration for the earth’s crust of 17
mg/kg was used.” For context, crustal
lead concentrations average 25.8 mg/
kg in the United States and range

from 8.4-40 mg/kg in Europe and the
United Kingdom.*7®

Blood lead level assessment

To estimate BLLs for children, the
USEPA Integrated Exposure Uptake
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Biokinetic model for children
(IEUBK) was used.” Following IEUBK
guidelines, default values for lead from
all exposure pathways were used and
measured in situ soil concentrations
were entered.”” Default ingestion rates
were then adjusted upward to account
for higher ingestion rates in LMICs
(250-400 mg/day).'>* Results were
also calculated using the default values
(85-135 mg/day). For adults, the
USEPA Adult Lead Methodology was
used.” Again, results were calculated
using both default and augmented
ingestion rates to account for increased
exposure in LMICs (50-200 mg/

day). Additionally, exposure duration
was increased to account for a
residential setting, as the Adult Lead
Methodology’s default values were
intended for occupational exposures.

The IEUBK model was also used to
estimate likely environmental Pb

levels in air and soil required for a
hypothetical 2-year-old child to have

a BLL of 20 pg/dL. The IEUBK model
assigns this age a higher BLL than
younger or older age groups. It was
selected to provide the most sensitivity
to environmental levels.

Results

The results of both the in situ surface
soil measurements and aerial
deposition modeling indicate that
environmental lead levels in Owino
Uhuru are within or slightly above
US regulatory screening levels and
generally consistent with urban areas
globally.

Surface soil assessment

The mean surface soil lead
concentration in the areas assessed
with the pXRF was 224 mg/kg (95%
CI: 15-434). The median value was 47
mg/kg. Table 1 presents the summary
results of the surface soil assessment.
Four samples (7%) tested above 400
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No. of measurements | 59
Median
Mean (SD) (IQR) Range
Concentration (mg/kg) 219 (776) 47 (36,91) 17-5824

Abbreviations: SD, Standard deviation; IQR, Interquartile range.

Table 1 — Descriptive Statistics of Surface Soil Concentrations in Owino Uhuru

mg/kg, the USEPA screening level

for bare soil where children play.*!
Those four samples had the following
concentrations: 582, 871, 1456 and
5824 mg/kg. The highest and third
highest samples (5,824 and 871) were
taken from an enclave in the perimeter
wall of the smelter that is unlikely to
be regularly accessed by humans and
thus are not indicative of community
exposure. Removing these from the
likely exposure scenario results in a
mean surface soil concentration of

110 mg/kg (95% CI: 54-168), below
USEPA and Environment Canada
screening levels of 400 mg/kg and 140
mg/kg, respectively.*** Kenya has

not yet developed its own guidance
values for soil metal concentrations,
including lead. Two samples were
collected at a depth of 10 cm adjacent
to the highest reading (5,824 mg/kg)
for the purpose of assessing possible
migration. These readings were 43 and
72 mg/kg, indicating insignificant down
profile migration of lead from surface
soils, which is consistent with studies of
atmospherically deposited smelter soil
lead contamination elsewhere.”*”

Within the targeted 12,000 m? sample
area, soil lead measurements were
spaced an average of 9.4 m apart (95%
CI: 7.8-11.2) (Figure I). There was

no statistically significant association
between proximity to the smelter and
soil lead concentrations (p<0.05). The
mean soil lead concentration of the
eight samples taken within 3 m of the
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facility perimeter wall was 1,026 mg/
kg (95% CI: 611-2663). The mean for
the eight samples taken from 3 m to 10
m was 231 mg/kg (95% CI: 183-646)
and the mean for the 43 samples taken
beyond 10 m was 66 mg/kg (95% CI:
47-86). The sample taken closest to
the smelter site was at the base of the
perimeter wall, while the furthest was
taken at a distance of 130 meters.

Aerial deposition model results

Using van Alphen’s mean deposition
rate of 18 mg/m?*day anda 2 cm
estimate for the likely maximum
penetration of lead into surface soil
resulted in an additional accumulation
of 0.64 mg/kg/day within 750 meters of
the facility while it was operating. Using
the same deposition rate and the less
conservative surface soil penetration
estimate of 5 cm results in an additional
accumulation of 0.26 mg/kg/day. These
rates would have resulted in a surface
soil concentration of 686-1,688 mg/

kg after ten years of operation. To
arrive at the mean value identified in
pXRF sampling of 110 mg/kg, a daily
deposition rate of 1-2.51 mg/m?*/day
(0.036 mg/kg/day) would be required.

Blood lead level assessment

Current BLLs for 0- to 7-year-olds
were estimated to be from 1.4-2.4 pg/
dL using the default ingestion values
in the IEUBK and 2.7-5.1 pg/dL
using the augmented values. Current
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BLLs of adults were estimated to be
1.8-2.6 pug/dL, depending on the
ingestion rate used. For surface soil
exposure to result in a BLL of 20 pg/
dL in 2-year-olds, an approximate
surface soil concentration of ~2,500
mg/kg would be required with default
ingestion values and ~850 mg/kg with
the augmented values. With regard to
air concentrations, a level of ~24 pg/
m® would be required for a 2-year-old
to have a BLL of 20 pg/dL, assuming a
soil lead concentration of 110 mg/kg.

Discussion

Soil lead levels in Uhuru Owino

seem to fall within internationally
accepted screening levels and are at

or below mean values in other cities
globally. Abuja (Nigeria), Boston
(USA), Brisbane (Australia), Glasgow
(UK) and Stockholm (Sweden), for
instance, have all been reported

as having average city-wide soil
concentrations exceeding 200 mg/kg.”
In Owino Uhuru, the average soil lead
concentration in accessible areas was

110 mg/kg.

The surface soil lead levels currently
present in Owino Uhuru are unlikely
to produce elevated BLLs, although
elevated BLLs were reported at the site
during operation or shortly after.”***’
One possible explanation for the
discrepancy could be a decline in
surface level lead concentrations over
time due to migration, meaning that
current surface soil lead concentrations
are not representative of soil lead
concentrations while the smelter was
operating. Lead is generally immobile
in most soils, taking perhaps 700
years to halve in concentration in
certain soil types.* A number of
factors can influence its mobility,
including pH, cation exchange capacity
and texture.** Low cation exchange
capacity (<2 cmol(+) kg), low pH,

and a sandy texture are all associated
with increasing lead mobility.*>*°
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However, even in locations where all or
some of these conditions are present,
very limited mobility of lead through
soil profiles has been reported.”*
Teutsch et al., for example, found
similar lead contamination profiles at
the same location 15 years apart, with
measurable but very small amounts of
lead migrating at a rate of up to 1 cm/
year.*” The Haplic Lixisol soil in Owino
Uhuru has an approximate cation
exchange capacity of 1.8 cmol(+) kg
and a pH of 5.9.” Its clay, silt and sand
content are roughly 18%, 27% and 55%,
respectively.”” Thus, while these soils
are more amenable to migration than
others, migration is unlikely to account
for any significant difference in surface
soil concentration over the 10-year
period between the opening of the
smelter and the execution of this study.

A second possible explanation for
the discrepancy between past BLLs
and the current environmental levels
present is that the primary exposure
pathway to the community while
the smelter was operating was the
inhalation of airborne lead. Air lead
concentrations would have declined
immediately following the closing
of the smelter. Reducing airborne
sources of lead exposure near smelters
has been strongly associated with
declines in BLLs.”*?** No data are
available on airborne concentrations
at the site, either currently or while
the smelter was operating. Given the
limited data on the smelter operations,
it was beyond the scope the current
study to model those concentrations.
Elsewhere, air lead levels exceeding
1 pg/m? have been associated with
BLL measurements above 10 pg/dL
in children.”” In Port Pirie, air lead
concentrations were recorded at levels
393

up to 21.44 pug/m’.

A separate likely source of exposure is
associated with the workplace. Several
residents with elevated BLLs were
reported to have worked at the smelter,
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and anecdotal evidence indicates that
children spent time in the facility
during work hours. Additionally, take-
home risk, or workers’ inadvertent
transporting of material on their
person from the workplace to the home
environment, could have also played a
significant role as has been documented
in multiple settings.”*® Interior surfaces
were not assessed as part of this study,
although those assessed as part of the
Ministry of Health/CDC effort shortly
after the closing of the facility found
very low lead dust loadings.*

Given that the key sources of exposure
were most likely associated with the
operation of the facility, the need for
mitigation work in Owino Uhuru

may not be as pressing as presented
elsewhere. The former facility very
probably contains high levels of lead
on site, which should be appropriately
considered in any future land use plans.

Informal housing

There is a significant shortage of
housing in urban areas in Kenya, with
approximately 56% of urban dwellers
living in informal settlements.”” These
settlements are often located on
marginal lands, including areas prone
to flooding or landslides.” In the case
of Owino Uhuru, the settlement is an
area that is characterized by industrial
uses.”® It is bordered on two of three
sides by industrial facilities and is
accessed primarily through industrial
land. A master plan for the city
currently under development envisions
the reclamation of Owino Uhuru for
industrial ends.”® Industrial activity
can play a critical role in economic
development in LMICs, while siting
residential areas sufficiently distanced
from heavy industry, including lead
smelting, could mitigate the most
significant exposures.**?” Here,
inhibiting the likely illegal occupation
of industrial land may have mitigated
much of the adverse impacts.
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Setting public health priorities

A number of factors potentially
influence the allocation of public
health resources. These could include
political forces, societal values and
economiic justifications, among
others.'?"%? In response to the various
challenges implicit in allocating
resources in public health, there

has been a general coalescence in
recent decades around rational and
transparent approaches. Foremost
among these is the notion of evidence-
based decision making, commonly
articulated in burden of disease,

cost effectiveness, or equity analysis
approaches.'”” These approaches

seek to make the best use of finite
resources through “the conscientious,
explicit, judicious and reasonable use
of modern, best evidence in making
decisions.%*1%%

Within global public health,

it is arguable that the issue of
environmental lead poisoning receives
proportionately less attention relative
to its impact than other public health
risks. IHME, for instance, calculated
that lead exposure attributed to 13.9
million disability-adjusted life years
and 540,000 deaths globally 2016.”

As context, this amounts to about 0.6
% of all disability-adjusted life years
and about 1% of all deaths globally in
the same year.”” In addition, there are
indications that this value may be an
underestimation.” Major sources of
environmental lead poisoning globally
include industrial mining and smelting
operations, lead-based ceramic

glazes, and the recycling of used lead
acid batteries.'” Lead exposure also
results in a range of adverse societal
impacts, including increased rates

of violence and decreased economic
output, that are not captured in disease
burden approaches.*'?%'%” Despite
this considerable impact, there is
currently no international convention
or multi-lateral funding mechanism
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to support work related to lead
contamination, resulting in a resource-
poor environment for potential
implementers.

In the context of disproportionately
limited funding for lead interventions,
the importance of evidence-based
decision making is augmented. Put
differently, the burden of proof to
justify interventions should be high.
The residents of Owino Uhuru are
subject to myriad environmental
health and livelihood risks common
to life in informal settlements.'**
However, this study has found that
those related to lead exposure were
likely mitigated with the closing

of the facility. The lead poisoning
event in Owino Uhuru continues to
receive national and international
media attention despite the absence
of current information regarding the
health impact.’*'°*"'° In evaluating the
relative importance of an intervention
in Owino Uhuru versus similar
projects elsewhere, policy makers
should be encouraged to utilize
evidence like that presented here to
form the basis of their decisions.

Limitations

A key limitation in the present

study is the heavy reliance on pXRF
measurements. The instrument was
calibrated, and accuracy was confirmed
in accordance with the manufacturer’s
instructions. When conducted in
sufficient quantity, pXRF measurements
have been shown to closely approximate
wet chemistry techniques."' However,
no samples from this study were sent
for laboratory analysis. Measurements
of the NIST reference material during
the assessment found that the pXRF
was functioning within acceptable
standards.

A similar limitation relates to the
spatial distribution of the surface soil
measurements taken in the present
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study. The assessment, which focused
on the residential area of Owino Uhuru,
did not determine concentrations in

the industrial areas to the west, south,
and east of the facility. Moreover, within
Owino Uhuru, significant assessment
gaps are evident in Figure 1, particularly
to the northwest of the facility. While
this area is unlikely to present elevated
concentrations resulting from aerial
deposition, it is possible that the area
could be contaminated by other means
such as manual deposition of waste.
However, interviews with community
members did not indicate that this was
the case. Nevertheless, that this area was
not assessed here represents a limitation.

A separate limitation of the study

is its reliance on the IEUBK model

to estimate BLLs. A previous

study carried out at the site found
comparable environmental levels,

as well as a statistically significant
increase in BLLs associated with
residence in Owino Uhuru compared
to a control neighborhood.*” Likewise,
studies carried out elsewhere have
found elevated BLLs resulting from
similar environmental exposures.'

Conclusions

Surface soil lead concentrations
within Owino Uhuru were within
international screening levels at the
time of the study, and lower than many
urban areas globally. As noted above, a
soil concentration of 850-2,500 mg/kg
would be required for a 2-year-old child
to have a BLL of 20 pg/dL. It is unlikely
that this concentration was ever present
in Owino Uhuru. Accordingly, there
did not appear to be a compelling need
for off-site exposure mitigation work

at the time of the assessment. Proper
occupational and engineering controls
and better siting of the residential area
would likely have mitigated the lead
poisoning event. Future use of the

land should consider probable high
contamination levels onsite. The results
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of this study could be used to inform the
discussion on public health spending
and to inform any future intervention at
the site.
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2.5. Paper Five

Bose-O’Reilly, S., Yabe, J., Makumba, J., Schutzmeier, P., Ericson, B., & Caravanos, J.
(2018). Lead intoxicated children in Kabwe, Zambia. Environmental Research, 165, 420-424.

This short paper summarizes the results of a number of recent studies carried out to assess the
extent of lead contamination in the city of Kabwe, Zambia. Kabwe city is centered around a
century-old lead-zinc mine and smelter complex and represents one of the more severe global
examples cases of population-wide lead poisoning. Mean BLLs in the population of 200,000
range from 35-82 pg/dL, with multiple individuals exceeding 100 pg/dL.

The author of this thesis organized the collection, analysis and presentation of data from
Kabwe that ultimately contributed to the development of a USD 60 million World Bank loan
intended in part to remediate the city. The study presented here relates to the overall thesis by
documenting a site of historical importance with regard to human lead exposure. The severity
and breadth of lead poisoning is Kabwe is unparalleled in the literature. The results of this
study are discussed in Chapter 5 to highlight possible inaccuracies with burden of disease
calculations.

84



Environmental Research 165 (2018) 420-424

ELSEVIER

Contents lists available at ScienceDirect

Environmental Research

journal homepage: www.elsevier.com/locate/envres

environmenial

Lead intoxicated children in Kabwe, Zambia

Stephan Bose-O’Reilly™”", John Yabe®, Joseph Makumba®, Paul Schutzmeier®, Bret Ericson®,

Jack Caravanos®'

* Institute and Policlinic of Occupational, Social and Environmental Medicine, WHO Collaborating Centre for Occupational Health, University Hospital, LMU Munich,

Ziemssenstr. 1, D-80336 Munich, Germany

® Department of Public Health, Health Services Research and Health Technology Assessment, UMIT — University for Health Sciences, Medical Informatics and Technology,

Hall i T., Austria

< University of Zambia, School of Veterinary Medicine, Lusaka, Zambia
4 Misenge Envir 1 and Techni
© Pure Earth, New York, USA

f New York University of New York School of Public Health, New York, USA

| Services Ltd., ZCCM Investment Holdings Plc (ZCCM-IH), Kitwe, Zambia

ARTICLE INFO ABSTRACT

Keywords:

Lead poisoning
Children
Kabwe

Zambia

Kabwe is a lead contaminated mining town in Zambia. Kabwe has extensive lead contaminated soil and children
in Kabwe ingest and inhale high quantities of this toxic dust. The aim of this paperis to analyze the health impact
of this exposure for children. Health data from three existing studies were re-analyzed. Over 95% of children
living in the most affected townships had high blood lead levels (BLLs) > 10 pg/dL. Approximately 50% of those
children had BLLs = 45 pg/dL. The existing data clearly establishes the presence of a severe environmental

health crisis in Kabwe which warrants immediate attention.

1. Introduction

Kabwe is the fourth biggest town and capital of the central province
of Zambia. The town has a long history of mining, which operated for
more than 90 years and produced large quantities of lead (Pb) and zinc
(Zn) until closure in 1994.

Lead is a toxic substance and chronic exposure causes serious ad
verse health effects. The pathways of exposure are mainly ingestion of
Pb contaminated soil and dust, but inhalation as a route of entry can
also be significant. Pb can cause acute and chronic intoxication. High
exposure can cause severe colic like abdominal pains, neurological
symptoms, seizures, encephalopathy and finally death (World Health
Organization, 2010).

Infants are at higher risk due to specific risk behaviors such as
playing on bare soil, relevant hand to mouth activity and thus their oral
uptake is greater compared with adults (World Health Organization,
2010). While high blood Pb levels (BLLs) have been associated with
extensive adverse effects, evidence of low BLLs causing serious negative
health effects is extensive and conclusive. The negative effect of Pb
exposure during pregnancy to the fetus and during early childhood on
the regular development of the brain has enormous adverse implica
tions (Advisory Committee on Childhood Lead Poisoning Prevention,

2016; Needleman et al., 1990).

The CDC Reference Level for Pb is 5 pg Pb/dL blood (https://www.
cde.gov/nceh/lead/acclpp/blood lead levels.htm). Between 5 and
44 pg Pb/dL, actions to lower the body burden are recommended In the
former “Kabwe lead poisoning management protocol” a Pb level of
20 pg Pb/dL was considered as minimum level for individual follow up
(Project Technical Committee Zambia Consolidated Copper Mines
Investments Holdings, 2006). The medical intervention level for chil
dren is 45 pg Pb/dL. Children with confirmed Pb encephalopathy need
to be hospitalized and treated individually (Advisory Committee on
Childhood Lead Poisoning Prevention, 2016; Thurtle et al., 2014). Data
from a large treatment survey in Nigeria indicates that oral chelation
treatment with Chemet® (succimer, DMSA) is both safe and effective
(Thurtle et al., 2014). However, chelation therapy without environ
mental intervention may prove futile since re exposure will likely
occur.

2. Environmental assessments
Lead contaminated soils in Kabwe pose a serious environmental

hazard. In 2003 2006, the “Copperbelt Environment Project” analyzed
over 1000 soil samples for Pb in various townships. The results showed,
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Fig. 1. Interpolated distribution of Pb in soil in the KSDS survey area based on district and township survey (Water Management Consultants Ltd, 2006).

that the soil “over a substantial area is highly contaminated with the
metal”. “Median Pb concentrations of soil in townships in the vicinity of
the mine inducing Kasanda (3008 mg/kg), Makandanyama (1613 mg/
kg), Chowa (1233 mg/kg), Mutwe Wansofu (1148 mg/kg), Makululu
(870 mg/kg) and Luangwa (507 mg/kg) were recorded. All exceeded
levels generally regarded as acceptable by international authorities
with respect to residential areas” (Water Management Consultants Ltd,
2006).

The most affected townships are immediately adjacent to the former
Kabwe mining complex and homes downwind from the smelter and the
tailings (see Fig. 1).

Regrettably, the situation appears to have changed little in recent
years as shown from work done by Pure Earth (formerly Blacksmith
Institute) in 2014. Data shows townships close to the mining area are
still polluted with Pb levels in soil well above recommended levels for
residential areas. Soil samples analyzed with an Innov x Delta series X
ray fluorescence by Pure Earth found median soil concentrations of
3212 mg/kg in Chowa, 6162 mg/kg in Kasanda, and 2286 mg/kg in
Makululu (Caravanos et al., 2014; Office of Solid Waste and Emergency
Response, 1994; Pure Earth, 2015). Citywide, surface soil Pb con
centrations ranged from 139 mg/kg to 62,142 mg/kg, with a geometric
mean concentration of 1470 mg/kg. Of the 339 soil tests, 86 readings
(25.4%) were > 400 mg/kg.

This overview of results shows that the Pb contamination of soils in
Kabwe is serious with townships close to the mining area being highly
contaminated. Lead is not the only contaminant of concern in Kabwe;
the different assessments showed high levels of cadmium (Cd) and Zn in
the surrounding mining area and adjacent townships (Tembo et al.,
2006; Water Management Consultants Ltd, 2006).

The aim of this paper is to analyze whether the high lead exposure
has a health impact on children in Kabwe.
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3. Health assessments

Presently, there are three information sources on childhood BLLs in
Kabwe; (1) data from the Copperbelt Environment Project; (2) data
from projects of Pure Earth and (3) data from a University of Zambia
with collaborators from Hokkaido University, Japan. A summary of BLL
data is provided below.

3.1. Copperbelt environment project

Commissioned by the Government of the Republic of Zambia,
funded by World Bank, the “Copperbelt Environment Project” per
formed the Kabwe Scoping and Design Study (KSDS) from 2003 to
2006. One of the aims of the KSDS was to update health and environ
ment data for Kabwe. A specific aim was to reduce the geometric mean
of BLLs substantially below 25 pg/dL for children in Kabwe. In the
KSDS report, data from approximately 2500 participants are presented.
Children were recruited by study nurses from the different townships.
BLLs were especially elevated in children 0 7 years old. Nearly all
children were above the reference level of 5 pg/dL and in some highly
exposed townships over 50% of the children had BLLs at which medical
treatment was warranted (see Table 1 (Water Management Consultants
Ltd., 2006)).

The survey showed that the geometric mean BLLs in townships
closer to the mining sites were higher. As shown in Table 1, the geo
metric mean BLLs of children aged 0 7 years in the surrounding
townships were: Chowa 31.7 ug/dL, Kasanda 32.8 ug/dL, Makanda
nyama 38.2ug/dL and Makululu 31.3 pg/dL (Water Management
Consultants Ltd, 2006). The BLLs were in the range, where negative
health effects are likely. Children aged 8 16 years and adults as well
had increased BLLs, although lower than levels in children aged 0 7
years.
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Table 1
Lead levels by township and year in pg Pb/dL blood.
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Township Year N Mean BLL Median BLL Geom. Mean BLL Minimum BLL Maximum BLL
Kasanda' 2003-2006 119 32.8 5.7 185

1 2007 216 29.7 4.4 121.8
1 2009 189 30.4 5.6 128

1 2012 189 34.5 2.1 121.8
4 2014 31 51.6 55.2 49.7 26.7 65.0+
2 2015 100 82.2 74.9 5.4 427.8
Makandanyama' 2003-2006 59 38.2 13.6 84.6

1 2007 66 36.6 3.3 119.4
1 2009 96 39.1 14.2 90.4

1 2012 291 33.9 15.1 112
Makululu’ 2003-2006 408 31.3 3.4 114

1 2007 388 37.8 5.8 120

1 2009 493 25.1 3.6 121.8
1 2012 1134 33.9 2.1 128.4
4 2014 39 49.2 48,7 47,3 20,9 65,0+
3 2015 559 36.4 8.5 99.2
2 2015 129 57.1 51.1 9.4 388.7
Railways' 2003-2006 101 17.5 3.5 86.9

1 2009 4 15.8 9.3 98.1

1 2012 44 18.1 6.4 48.5
Waya' 2003-2006 37 26.1 6.5 58.9
1 2009 8 23 7.5 51

1 2012 139 27.2 6.3 121
Luangwa' 2003-2006 45 18.4 5 44.4
Chowa' 2007 43 26.6 5 121.8
1 2009 82 22.1 5.6 128

1 2012 349 29.2 4.8 100.2
4 2014 38 49.8 50.4 47.1 14.5 65.0+
2 2015 17 39 39.3 15.6 79.7
Katondo' 2007 4 30 7.8 46.4

1 2012 24 22.2 5 44.2
Mutwe Wa Nsofu' 2012 29 31.8

4 2014 12 48.3 41.0 46.2 30.7 65.0+
Riverside' 2012 64 24.1 8.2 120

4 2014 7 49.9 50.4 48.3 29.8 65.0+
Kabwe’ 2014 196 48.3 52.3 45.8 13.6 65.0+
Chililalila® 2015 244 35.5 0 98.3

4 2014 15 48.5 43.3 46.4 29.9 65.0+
Moomba® 2015 186 38.8 3.1 98.2

4 2014 17 45.6 44.4 43.1 22.3 65.0+
Zambezi® 2015 177 37.7 8.7 93.4

4 2014 30 40.3 37.0 37.2 13.6 65.0+

BLL = Blood lead level in pg/dl.
1 data from Misenge projects.
2 (Yabe et al., 2015).
3 (Mbewe et al., 2015).
4 (Caravanos et al., 2014).

The KSDS report shows that a high percentage of inhabitants had
BLLs above the “predetermined level of concern” of 25 pug/dL. In detail
it was extrapolated that 12378 children aged 0 7, 7919 children aged
8 16 and 3973 adults would have BLLs > 25 ug/dL (see Table 1)
(Water Management Consultants Ltd, 2006).

Misenge Environmental and Technical Services Ltd (METS) per
formed several blood sampling sessions in various townships. As is
shown in supplement 1, the geometric mean levels varied over time.
There was no clear trend in the findings but differences in the geometric
means among the townships were seen. The results showed that in
creased BLLs in Kabwe were widespread, especially in Makululu, Ma
kandanyama and Kasanda where BLLs of children were constantly very
high.

Recent data from METS was published in 2015 by the University of
Zambia, Department of Public Health. In that study, BLLs in 1166
children under five years of age from Makululu township were mea
sured with a LeadCare II"™ portable blood instrument ((Magellan
Diagnostics, Inc., N. Billerica, Massachusetts). The reported BLLs in
Makululu were: (Mbewe et al., 2015):

® 99.4% of the children > 10 pg/dL
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® 73.2% of the children > 25 pg/dL
e Geometric mean was 32.6 ug/dL (see Table 1)

Mbewe et al. (2015) determined a statistically significant associa
tion between age and BLLs. The authors concluded that affected areas
would “require an expansive and integrated program of Pb exposure
prevention”; the program should be “implemented by government and
co operating partners” and that the program should also “take into
account environmental management and disease surveillance” (Mbewe
et al., 2015).

3.2. Pure earth projects

The previous findings were independently confirmed by BLL sam
pling performed in 2014 by Pure Earth (Caravanos et al., 2014). For the
Pure Earth study, 196 children aged 2 8 years were selected from
highly exposed townships. Their blood was tested with a LeadCare II™
analyzer. The mean BLL was 48.3 pug/dL and more than 50% of children
would have needed medical treatment (see Table 1) (Blacksmith
Institute, 2014; Caravanos et al., 2014). A substantial number (26.5%)
of childhood BLLs exceeded the 65 pg/dL upper detection limit of the
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7 Fig. 2. Concentrations of lead in surface soil (August 2014).
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LeadCare II™ instrument, which indicates that the poisoning was likely
more severe than observed.

3.3. University of Zambia / JICA projects

Most recently a study in the three contaminated townships was
conducted by the University of Zambia in collaboration with Hokkaido
University. Children from the severely contaminated townships of
Chowa, Kasanda and Makukulu were assessed. Blood lead levels were
analyzed with ICP MS analyzer (7700 series, Agilent technologies,
Tokyo, Japan) in 246 children under the age of seven (Yabe et al.,
2015). The results showed that 100% of the sampled children had
BLLs > 5 pg/dL. Moreover, high BLLs of = 65 nug/dL were recorded in:
Chowa 18%, Kasanda 57% and Makululu 25%. Eight children in Ka
sanda and two children in Makululu had very BLLs of > 150 pg/dL,
four children had extremely high BLLs of = 300 ug/dL (for details see
Table 1 and supplement 2).

Findings from Yabe et al. (2015) revealed extensive Pb poisoning in
children in Kabwe and recommended chelation therapy, especially in
children with BLL exceeding = 45 pg/dL. This was critical so as to
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curtail the pernicious health impact of Pb poisoning in children.
Moreover, through an individualized follow up plan of the affected
children at their homes and regular health check ups at local health
centers, it was observed that the quality of life of the affected children
could be improved. The authors also observed that early detection and
intervention could be useful to minimize overt cases of Pb poisoning
such as persistent seizures, mental retardation and death. This would
require enhanced community awareness of Pb poisoning and urgent
interventions in the affected areas, with the full participation of local
townships and various stakeholders for the sustenance of remedial
measures.

Children with increased BLLs can develop clinical signs and symp
toms of Pb intoxication. The data presented in this paper offers the most
current and comprehensive reporting of BLLs in this highly con
taminated city in Zambia. Three distinct groups of researchers have
presented what appears to be continuing Pb poisoning on a major scale.

There is only one set of data set from UNZA / JICA containing some
information about clinical findings from children in Kabwe. Data cap
tured in questionnaires showed that 10 or more percent of children
observed in 2012 had reported signs and symptoms, typical for chronic
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Pb intoxication, such as anemia, intermittent abdominal pains, limb
pains, memory problems, headaches, weakness in hands and feet, and
seizures or convulsions (unpublished data). The nurses employed by
METS caring for 200 children with increased BLLs reported verbally
that they observed similar symptoms in children. Nurses and health
care workers from Makululu, Kasanda and Chowa health centers report
that children have severe intermittent abdominal pains, seizures, are
smaller and do not develop well compared with other children. These
are first indicators that the children in Kabwe suffer from Pb poisoning
severely.

4. Discussion

The existing data clearly establishes the severity of Pb exposure in
Kabwe. Environmental data also support the observation that in certain
housing areas of Kabwe, the recommended tolerable soil Pb level of
400 mg/kg is clearly exceeded (see Fig. 1 and Fig. 2). The soil levels
measured by Pure Earth 2014 are in general higher compared to those
reported by KSDS in 2006. We suspect this results from enhanced
granularity now available with a portable XRF (rather than an actual
increase in concentrations).

Nearly all children in the townships close to the former mining area
had BLLs = 20 pg/dL, which is a value where urgent action is de
manded to decrease the exposure immediately according to the KSDS
study protocol. Since soil is the major pathway of exposure in Kabwe
the most important task is to decrease exposure for all children by
immediate and appropriate remediation.

In the most affected townships, approximately 50% of the children
have BLLs = 45 pg/dL, which is the threshold value above which
medical antidote treatment is recommended. The former interventions
of the KSDS project did not show any long term effect in reducing the
environmental pollution nor the BLLs of children. In Makululu,
Makandanyama and Kasanda, BLLs of children are even higher com
pared with other townships. Large proportions of children are not only
highly exposed, but have high to extremely high levels of Pb in their
bodies. From the KSDS survey it can be estimated that approximately
60% of children with BLLs = 25 pg/dL might have BLLs of levels =
45 ng/dL. According to threshold levels and international re
commendation, the exposure has to be considerably reduced and the
children need medical treatment. Children with BLLs 45 ng/dL
should receive medical treatment (Agency for Toxic Substances and
Disease Registry, 2010). However medical treatment without environ
mental and educational intervention will not be enough to sustain a safe
and healthy population. A World Band funded project (ZMERIP) will

>
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soon enable the Government of Zambia to take action in Kabwe, in
cuding reduction of exposure and treatment for children.
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3. Chapter Three: Outcomes

Chapter 3 consists of the following 4 studies:

3.1 Ericson, B., Landrigan, P., Taylor, M. P., Frostad, J., Caravanos, J., Keith, J., &
Fuller, R. (2016). The global burden of lead toxicity attributable to informal used
lead-acid battery sites. Annals of Global Health, 82(5), 686-699.

3.2 Estrada-Sanchez, D., Ericson, B., Judrez-Pérez, C. A., Aguilar-Madrid, G.,
Hernandez, L., Gualtero, S., & Caravanos, J. (2017). Pérdida de coeficiente
intelectual en hijos de alfareros mexicanos. Revista Médica del Instituto Mexicano del
Seguro Social, 55(3), 292-299.

3.3 Ericson, B., Dowling, R., Dey, S., Caravanos, J., Mishra, N., Fisher, S., ... & Taylor,
M. P. (2018). A meta-analysis of blood lead levels in India and the attributable burden
of disease. Environment International, 121, 461-470.

3.4 Caravanos, J., Carrelli, J., Dowling, R., Pavilonis, B., Ericson, B., & Fuller, R.
(2016). Burden of disease resulting from lead exposure at toxic waste sites in
Argentina, Mexico and Uruguay. Environmental Health, 15(1), 72.

Chapter 3 builds on the exposure estimates presented in Chapter 2 by quantifying those
exposures in immediately legible metrics. It forms a central part of this thesis by

demonstrating that lead exposure results in a large and likely underestimated disease burden.

Chapter 3 includes four papers that each take slightly different approaches to calculating the
disease burden attributable to lead exposure. In all cases the findings indicate that the burden
is greater than the existing literature might indicate. Underlying this difference are two
primary drivers. The first is that at present the biological burden of lead in LMICs is likely
underestimated. Specifically, due in part to a dearth of studies on BLLs in LMICs, global
burden of disease (GBD) calculations rely heavily on regression models with a limited
number of independent variables, and exclude some of the more significant inputs, such as
informal battery processing. A second reason is that the primary pediatric health outcome of

lead exposure, impeded brain growth, may not be adequately captured in GBD estimates.
Chapter 3 utilizes two common metrics. The first, intellectual quotient (IQ) decrement

captures the amount of intelligence effectively lost, or foregone, because of pediatric lead

exposure. Lead is mistaken by the body as calcium, absorbed into the blood, and passes the
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blood brain barrier where it impedes brain growth. The most significant proportionate losses
are likely at low BLLs with damage continuing, though tapering, as exposures increase. The
second metric utilized in Chapter 3 is the Disability Adjusted Life Year (DALY). This is a
metric that captures both morbidity and mortality and was developed by the World Bank to
compare disparate health outcomes. Each paper in Chapter 3 uses a different approach to
calculate the inputs used in the burden of disease calculations. By doing so the Chapter
implicitly tests the sensitivity of key parameters, thereby building a more robust overall

argument about the underestimation of current calculations.

3.1. Paper Six

Ericson, B., Landrigan, P., Taylor, M.P., Frostad, J., Caravanos, J., Keith, J., & Fuller, R.
(2016). The global burden of lead toxicity attributable to informal used lead-acid battery
sites. Annals of Global Health, 82(5), 686-699.

Paper 6 presents the first large-scale estimate of the scale of the informal used lead acid
battery (ULAB) recycling industry across 90 LMICs. The total amount of lead extracted from
ULABSs annually is calculated and an estimate of the number and size of informal smelters is
developed across different sub-regions. Finally, based on assessments of informal smelters
carried out at 28 sites in 12 different countries, exposure scenarios are used to calculate an
attributable disease burden. The results of the paper formed the basis of the lead exposure
assessment in The Lancet’s 2016 Commission on Pollution and Health and were used
recently by the World Bank in their development of Country Environmental Assessments in

Bangladesh and Pakistan.!-?

The study provides the fundamental arithmetic underpinning the argument that ULAB
recycling poses a significant exposure risk to populations in LMICs. In short, while nearly
100 % of batteries are recycled, only 50 % can be accounted for by the formal sector. Thus,
the implication is that the balance is recycled by the informal sector, often in residential
areas, posing a critical risk to human health.
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Abstract

BACKGROUND Prior calculations of the burden of disease from environmental lead exposure in

low- and middle-income countries (LMICs) have not included estimates of the burden from
lead-contaminated sites because of a lack of exposure data, resulting in an underestimation of a serious
public health problem.

OBJECTIVE We used publicly available statistics and detailed site assessment data to model the
number of informal used lead-acid battery (ULAB) recyclers and the resulting exposures in 90 LMICs. We
estimated blood lead levels (BLLs) using the US Environment Protection Agency’s Integrated Exposure
Uptake Biokinetic Model for Lead in Children and Adult Lead Model. Finally, we used data and algo-
rithms generated by the World Health Organization to calculate the number of attributable disability

adjusted life years (DALYs).

RESULTS We estimated that there are 10,599 to 29,241 informal ULAB processing sites where human
health is at risk in the 90 countries we reviewed. We further estimated that 6 to 16.8 million people are
exposed at these sites and calculate a geometric mean BLL for exposed children (0-4 years of age) of
31.15 pg/dL and a geometric mean BLL for adults of 21.2 pg/dL. We calculated that these exposures
resulted in 127,248 to 1,612,476 DALYs in 2013.

CONCLUSIONS Informal ULAB processing is currently causing widespread lead poisoning in LMICs.
There is an urgent need to identify and mitigate exposures at existing sites and to develop appropriate
policy responses to minimize the creation of new sites.

KEY WORDS informal economy, lead poisoning, low- and middle-income countries, soil pollution,
disability adjusted life years, recycling

INTRODUCTION

Contaminated soils at polluted “hot spots” active
and abandoned mines, smelters, industrial facilities,
and chemical waste sites threaten the environment
and human health globally. In high-income coun-
tries (HICs), substantial progress has been made

toward identifying and remediating hazardous waste
sites and thus in reducing exposures and disease. In
low- and medium-income countries (LMICs), by
contrast, the extent and severity of soil contamina-
tion at these sites has not been adequately mapped
or quan’tiﬁed.1 Information on the burden of disease
attributable to hazardous exposures at contaminated
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sites has not previously been available for inclusion
in estimates of the global burden of disease by either
the Institute for Health Metrics and Evaluation
(IHME) or the World Health Organization
(WHO).”?

Toxic Sites Identification Program. To close the
information gap regarding soil pollution at indus-
trial hot spots in LMICs and its effects on human
health, Pure Earth (PE; formerly Blacksmith
Institute) launched the Toxic Sites Identification
Program (T'SIP) in 2008."

The central element of TSIP is a protocol for
rapid field-based identification and assessment of
hazardous waste sites in LMICs. This protocol
has been adapted from the standard source-
pathway-receptor model for field assessment of toxic
sites in use by the US Environmental Protection
Agency (USEPA) and was specifically adjusted by
PE to accommodate field application in LMICs
by nonprofessional local investigators trained
through the program.s’(’ At each site, environmental
samples are collected, photographs are taken, and
key characteristics are documented. Completed
assessments are entered into an online database.
To date 2591 sites in 49 countries have been
assessed.

The basic approach is to identify a single key
pollutant at each site. The key pollutant is the dom-
inant contaminant at a site whose concentrations are
most significantly elevated above relevant environ-
mental standards. Lead, mercury, hexavalent chro-
mium, and highly toxic environmentally persistent
pesticides have been the key pollutants most com-
monly identified. Estimates of environmental
contamination and disease burden are attributed
solely to the key contaminant and not to any other
hazardous materials that may be present at a site.
This bias likely underestimates the true environ-
mental burden of disease.

PE has collaborated with local partners and
secured support from national and international
funders to remediate some of the most hazardous
sites identified through TSIP. In these remediation
efforts, extensive site mapping is undertaken to
characterize the spatial distribution of contami-
nants, consultations are held with local area resi-
dents to help design the most effective and
appropriate interventions, and biological samples
of residents are taken, as appropriate, before and
after remediation.

From 2012 to 2014, PE and researchers from the
Mount Sinai School of Medicine in New York City,
used data collected as part of the TSIP to calculate
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the burden of disease resulting from exposures at
contaminated sites. The effort focused on 3 coun-
tries in Southeast Asia: India, Indonesia, and the
Philippines. Chatham-Stephens et al.” used sam-
pling data from individual sites and existing demo-
graphic information to conduct an exposure
assessment. Dose-response was calculated using
USEPA reference doses and slope factors® for
noncarcinogenic and  carcinogenic  chemicals,
respectively. An estimated incidence of disease was
thus determined for various age groups. Finally,
deaths (years of life lost [YLL]) were determined,
and appropriate WHO disability weights (DW),
discounting, and age weights were applied to calcu-
late resulting years lost due to disability (YLD).
YLD and YLL were summed at all sites and pre-
sented in the aggregate. The authors found that
828,722 disability adjusted life years (DALYs)
resulted from contaminated sites in those 3 coun-
tries alone. A second paper() applied this same
method to 3 additional countries in Latin America.
Sites Captured by TSIP. The TSIP method is not
designed to survey all contaminated sites in a coun-
try. Rather sites are prioritized based on their
perceived effect on human health. Moreover, finite
resources limit the number of site visits. Relevant
government agencies, academics, and others are
interviewed to assist investigators to identify sites,
although a systematic identification process similar
to the National Priorities List of USEPA' is not
in place. Underestimation of the number of sites
and the attributable burden of disease therefore
results.

To obtain data on the number of sites captured
by TSIP relative to the total number of contami-
nated sites in a country and thus to assess the degree
of underestimation, PE conducted a systematic
census of hazardous waste sites in Ghana in
2014-2015."" Ghana was selected for this analysis
because it is an LMIC with a heterogeneous indus-
trial base and a highly urban population (51%)."
Assessors targeted a randomly selected number of
geographic quadrats for comprehensive assessment.
The investigators physically walked all accessible
streets in each quadrat to visually identify sites.
Visual identification was supplemented by field-
based sampling with portable x-ray fluorescence
instruments to test soils for metals (InnovX Delta
Series, Olympus, Bridgeport, CT, USA). The
investigators identified 72 sites in the sampled
quadrats. They then extrapolated these data to the
country as a whole using 1 of 2 methods. The first
method (regional), which used cluster random
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sampling, estimated the regional number of waste
sites first and then summed them to find a total
in Ghana within a particular confidence interval.
The second method (countrywide) estimated the
total number of sites in Ghana, then “allocated”
them to each region.11

Based on this extrapolation, the investigators
estimated there were between 812 and 3075 conta-
minated sites in Ghana. By comparison, T'SIP had
screened 215 sites in Ghana through 2014. It was
therefore calculated that the percentage of sites
captured by TSIP was between 7% and 26%. On
a population basis, it was estimated from these
data that in Ghana there are between 31 and 115
contaminated sites per 1 million population. Of
the sites identified in Ghana, 37% presented lead
as the key po]_lutatnt.11
Informal ULAB Processing. The principal global use
of lead today is in manufacture of plates and compo-
nents for lead-acid storage, lighting, and ignition
(SLI) batteries, which accounts for 85% of global
lead consumption.’”” The lead used in batteries is
derived from 2 main sources: primary lead mining
and smelting (ie, newly mined from lead containing
ore) and secondary lead smelting from used SLI
batteries and other sources. Formal industrial lead
smelters (both secondary and primary) are necessa-
rily subject to the regulatory regimes of their host
countries. Although many continue to present sig-
nificant occupational hazards,'* 7 formal smelters
at a minimum tend to be located in industrially
zoned areas and have in place some sort of emissions
and discharge control infrastructure.

Informal industry by contrast is characterized by
lack of adherence to regulation, including zoning
and pollution controls.'®!” Accordingly, a higher
number of informal industrial sites are located
within residential areas than their formal counter-
parts and pollute more per unit than their formal
counterparts. The TSIP program has encountered
significant difficulty in assessing these sites, as
operators have tended to be uncooperative. Little
systematic research other than TSIP investigations
has been undertaken to identify and map ULAB
sites globally. Informal ULAB processers tend to
be much smaller in scale and more widely distrib-
uted than their formal counterparts and are prone
to changes in location in response to regulatory
efforts or other forces.”’ Consequently it is a
challenging exercise to develop a truly accurate
assessment of their location and number.

Disability Adjusted Life Years. DALYs are a stand-
ard metric for burden of disease calculations.
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DALYs are used, most significantly, by the WHO
and the IHME in their respective periodic updates
of the global burden of disease (GBD). DALYs are
calculated for a range of health outcomes including
infectious and chronic diseases; however, their use
with regard to contaminated sites remains
limited.>*"*?

Environmental lead exposure can result in a
number of health outcomes including renal effects
and cardiovascular disease (CVD) in adults, and
neurologic effects in children.”” In their most recent
GBD report, IHME modeled lead exposures result-
ing from aerial deposition of leaded gasoline.” Due
in part to a lack of information on hotspots globally,
IHME did not endeavor to estimate DALY result-
ing these exposures. Based on exposure to leaded
gasoline deposition only, IHME calculated between
4,199,925 and 15,594,412 DALYs for 2015.”

For the purpose of their analysis, IHME devel-
oped a complex algorithm that uses a range of
required covariates.” Importantly, the IHME
algorithm relies on both blood and bone lead esti-
mates. Lead is a calcium analog and can be absorbed
by bone as a result of chronic exposure.”* THME
uses bone lead estimates to model both CVD and
resulting deaths in older age groups. BLLs are only
used by the IHME algorithm for the purpose of
computing DALYs resulting from pediatric expo-
sure. WHO by contrast presents a series of publically
available tools that are more amenable to determin-
ing the attributable risk of lead exposure at specific
sites using blood lead levels (BLLs) only.25

We endeavored to calculate the prevalence and
resulting burden of disease of informal ULAB
processors in LMICs.

METHODS

In the absence of a comprehensive dataset on
ULAB sites, we used relevant existing statistics to
infer an estimate of the number of sites and result-
ing exposures. We calculated the annual amount of
lead entering the secondary market in each country
and subtracted the amount of lead known to be
recycled formally. We assumed the difference
between these 2 numbers was the total amount of
lead recycled informally.

Geographic Scope. Our analysis was restricted to
LMICs only, defined by the World Bank as those
countries with an annual per capita gross national
income below US $12,475 per year.26 Countries
were further excluded for any one of the following
reasons: Data were unavailable or could not be
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reasonably estimated; active countrywide conflict
(eg, Syria) where models were unlikely to apply;
Balkan countries, which although within the
income guidelines, are unlikely to have widespread
informal ULAB processing due to their proximate
location to richer European neighbors. The
remaining number of countries covered by the
analysis presented herein is 90.

Estimating the Tonnage of Lead Entering the
Informal Sector. To calculate the amount of lead
entering the secondary market, we summed the
metric tons generated annually from 6 different
sources: automobile starter batteries (cars, trucks,
buses, and other automobiles); motorbike starter
batteries; uninterrupted power supplies (UPS);
other transport vehicles (eg, forklifts); electric
bicycles; and other vehicles and applications, such
as green energy storage. Data provided by the
Organisation Internationale des Constructeurs
d’Automobiles (OICA) was used to determine the
number of cars and trucks (including buses and
other large automobiles) in use.”” The number of
motorbikes in use was provided by the ministries of
transport for several Southeast and South Asian
countries, and estimated elsewhere. We used a
widely quoted estimate of 200 million -electric
bicycles for China.”®* We assumed zero electric
bicycles for all other countries.

We used a model developed by the International
Lead Association (ILA) to determine the amount of
lead generated annually by each type of vehicle.
After accounting for the weight of other materials
in each battery, the calculator assumes a weight of
8.4 kg of lead for car batteries, 15 kg of lead for
truck batteries, and 4 kg for both bicycle and motor-
bike batteries. Batteries expire more quickly in warm
climates.””*° As most countries covered by the
analysis fit within this category a life span of 2 years
is assumed. Because trucks typically have 2 batteries,
they are expected to produce >1 ULAB annually.

The remaining metric tons from motorbikes as
well as the contribution from other sources is
estimated using their relative proportions of market
share provided by the Industrial Technology
Research Institute (ITRI).*! Car and truck batteries,
for which we were provided values by the OICA,
were assumed to comprise 52% of the total lead
tonnage used in batteries. The remaining 48% was
distributed among the following 5 categories:
motorbike starter batteries (6%); UPS (10%); other
transport vehicles (eg, forklifts) (9%); electric
bicycles (9%); and other vehicles and applications
(14%)).

Ericson et al.
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The total amount of lead formally processed in
secondary smelters in each country (provided by
the US Geological Service)*” was subtracted from
the total amount generated. The difference between
these 2 values was assumed to enter the informal
sector. This approach to calculating informal lead
production as described is generally consistent
with those used elsewhere.””** The statistical
calculation was set out as:

Cars; #.0084 Trucks; *.015
+
2 1
Total Pb; — FormRcyl, = InformRcyl,

Total Pb; =1/52%

where:

Cars; is the number of cars in use in country i

Trucks; is the number of cars in use in country i
TotalPb; is the total lead in metric tons entering the
secondary market in country i

FormRcyl; is metric tons of lead processed in the formal
sector 1

InformRcyl; is metric tons of lead processed in the
informal sector 1

Estimating the Number of Informal ULAB Sites. We
used 2 separate methods for estimating the number
of informal ULAB processing locations. In the first
approach (method 1), we used the tonnage esti-
mates from the model described previously and esti-
mated yearly output of informal secondary smelters.
This method is described in detail later. In the sec-
ond approach (method 2), we used the Ghana
extrapolation to determine the total number of
informal ULAB sites on a population basis."’ The
Ghana effort found 31 to 112 contaminated sites for
every 1 million residents in the country, with 37% of
all sites being contaminated with lead from informal
ULAB processors. Here we assumed (as a lower
minimum estimate) 31 sites, and accordingly 11.47
informal ULAB sites, for every 1 million residents
in a given country. We applied the weights descri-
bed below to this initial number.

In the first approach (method 1), we assumed
that 100% of lead not entering the formal sector is
recycled at informal ULAB processing sites. We
defined these as informal workshops typically
located in residential areas where battery casings
are ruptured, often manually. Plates are extracted
and ingots are formed through rudimentary smelt-
ing techniques with little protective equipment or
emissions controls. We modeled 3 sizes of informal
processors (small, medium, and large) each with a
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set annual volume (100, 500, and 1000 metric tons,
respectively). We divided the overall stream of lead
into these 3 groups, assuming 50% flowing to small
operators, 35% flowing to medium operators, and
15% flowing to large operators. In the absence of
an existing body of research on the prevalence and
throughput of informal sector operators, we based
the above estimates on limited PE site assessment
data and consultations with experts. This calculation
provided us with an initial estimate of the total
informal processing sites in a country:

InformRceyl, * .5 n InformRcyl, * .35
1005, 5005,
InformRcyl. * .15

10001

= IntTotalSites;

where:

InformRcyl; is the metric tons of lead processed in the
informal sector in country i

IntTotalSites; is the initial estimate of the total number
of informal lead processing sites in country i

sm is small processors

md is medium processors

lg is large processors

To account for the influence of other factors on
the total number of sites, we further weighted our
initial estimate by 4 values: per capita gross domestic
product at purchasing power parity (GDP PPP);
percent of the country living in urban areas; percent
of the overall economy derived from the informal
sector; and percent of the overall economy derived
from mining, manufacturing and utilities (MMU).

The rationale for inclusion of these elements is as
follows:

1. GDP PPP: In the context of LMICs, the relatively
high price of lead affords a profit margin for recyclers
even at low volumes. As the income of countries
increases, this margin diminishes and larger volumes
are required to sustain profit, limiting the feasibility
of informal operation. We use values provided by the
World Bank for 2013.%°

2. Percent of the economy based in the informal sector:
A higher rate of informality for the economy as a
whole was taken to indicate a higher rate of
informality in the recycling sector. We used values
presented by Schneider et al on the size of each
country’s informal sector in 2006 and 2007.°

3. Percent of the population living in urban areas:
People are more likely to come into contact with
informal processing sites in urban areas than rural
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areas. We used urban percentage rates provided by
the World Bank for 2013.'?

4. Percent of the economy based in MMU This
parameter, provided by the United Nations Statistics
Division (UNSD),*” was the best indicator that we
could identify of the overall level of industrial activity
in a country. There are linkages between the formal
and informal economies in LMICs, with growth in
former potentially associated with growth in the
latter.”® We assumed this was the case regarding
ULABs and used MMU data provided by UNSD
for 2013.

Of the 4 parameters, GDP PPP was the most
heavily weighted (0.75). No other parameter was
more closely associated with the presence of infor-
mal battery processing sites than income. In
HICs, for instance, these sites are essentially
nonexistent, whereas they proliferate in LMICs.
Thus this parameter is inversely weighted to
increased income. GDP PPP is followed by percent
urban (0.1) and equal weightings for percent MMU
and percent informal (0.075). The marginally
higher weighting for percent urban is intended to
reflect the relative importance of population density
on increasing risk of exposure. Weights affect the
result based on their relative difference from values
taken for the country of Ghana. Given that Ghana
is the only country for which we have a reasonable
country estimate, we assumed that countries that
are poorer, more urban, more reliant on industry,
and had higher rates of informality are more likely
to have informal battery processing sites. We
assumed the opposite for countries that are richer,
less urban, less industrial, and less informal. The
equation is as follows:

IntTotalSites;
* (GDPVVti +InfWt;+UrbWrt; +MMUWti)
= TotalSites;

where:

IntTotalSites; is the initial estimate of the total number
of informal lead processing sites in country i
TotalSites; is the final estimate of the total number of
informal lead processing sites in country i

GDP Wrt, is the weighted value for income i

Inf WY, is the weighted value for informality i

Urb Wt; is the weighted value for urbanization 1
MMU W, is the weighted value for industrialization i

Estimates were provided on a subregional level to
account for limited transboundary movement of
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ULABs. ULABs were categorized as hazardous
waste under the Basel Convention and accordingly
documentation should be kept of transboundary
import and export transactions. An assessment of
these records was outside of the scope of the present
effort and would be unlikely to affect the most sig-
nificant results. By way of example, about 5.1 mil-
lion metric tons of lead are formally recycled
globally each yeatr.32 The countries covered by this
study account for more than 2.3 million tons, leav-
ing the balance to be recycled in HICs. The United
States is the second largest secondary processor of
lead in the world after China, recycling 1.1 million
tons annually, however, high car ownership rates
preclude the United States as a reliant on an
overseas stream of lead.’” The situation is similar
in other industrially developed countries with signif-
icant secondary lead smelting (eg, Canada,
Germany, Spain, Japan, Italy), thus we excluded
these countries as relying on an overseas supply of
batteries.

Estimating Exposures at Informal ULAB
Sites. ULAB sites present a heterogeneous set of
conditions. To estimate population exposures to
lead at these sites we developed a series of expo-
sure scenarios, reflecting first the relative size of
populations exposed and second the severity of
exposure.

To capture number of exposed people we mod-
eled operations of 3 different sizes: those where
200 people were exposed (small), those where 500
people were exposed (medium), and those where
2000 people were exposed (large). As previously
noted, we assumed that small operations account
for 50% of ULAB recyclers globally; that medium
account for 35%, and that large account for 15%
of all operations.

To capture the severity of exposure we divided
the populations at each site into 3 exposure scenar-
ios (low, medium, and high). Low represents soil
concentrations of 850 mg/kg, medium represents
concentrations of 2500 mg/kg, and high represents
concentrations of 5000 mg/kg. All sites (small,
medium, and large) were divided identically, with
50% of populations falling in the lower group
(850 mg/kg), 35% falling in the medium exposure
group (2500 mg/kg), and 15% falling in the high-
exposure group (15%).

Exposure scenarios were based on the results of
28 assessments carried out by PE at informal
ULAB sites in the following 12 countries: Argen-
tina (n = 4), Bangladesh (n = 2), the Dominican
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Republic (n = 1), Ghana (n = 1), India (n = 4),
Indonesia (n = 2), Kenya (n = 2), Peru (n = 3),
the Philippines (n = 4), Senegal (n = 1), Uruguay
(n = 5), and Vietnam (n = 1). Eight of these
assessments were comprised of >20 target soil
samples (range, 20-553 samples, analyzed with a
handheld InnovX Delta Series x-ray fluorescence
instrument) and were considered “detailed” assess-
ments for our purposes. A second group,
considered “limited,” was comprised of 10 assess-
ments with >6 composite samples each, and 10
assessments with >3 composite samples each. All
assessments were divided into tertiles based on
the relative severity of contamination. Tertiles
were then averaged across all assessments equally
resulting in values for the low, medium, and high
exposure groups (810, 2626, and 6993 mg/kg,
respectively). Detailed assessments revealed much
higher values for all exposure groups (1536, 6465,
and 16,257 mg/kg, respectively) when compared
with limited assessments (509, 1150, and 2937
mg/kg, respectively). In an effort to remain conser-
vative, we capped the soil concentrations for each
group to the values given above (850, 2500, and
5000 mg/kg, respectively).

We used the spatial extent of contamination
from detailed assessments only to guide the devel-
opment of our estimates of exposed populations.
We drew concentric circles with radii of 100 m,
200 m and 300 m from the center of each site to
determine three site sizes (small, medium, large).
We then applied NASA Socioeconomic Data
and Applications Center gridded population den-
sity data’ to the actual extent of each site to deter-
mine the number of exposed people. In one case
(Vietnam) we deferred to PE population estimates
from the detailed assessment. We averaged the
sites in each group to determine the relative popu-
lation sizes (251, 1053, 2029) and adjusted these to
the slightly more conservative values of 200, 1000,
and 2000 for small, medium and large sites, respec-
tively. To determine the proportion of each popu-
lation in each exposure scenario (lower, medium,
high) we drew three equidistant concentric circles
from the center of each site. We assumed increased
severity with increased proximity. The resulting
rings for each scenario made up 11%, 33% and
55% of each defined area. We adjusted these
slightly to 15%, 35% and 50% to account for the
diffuse nature of sources at a ULAB sites and
assumed even population distribution across the
whole area.

97

691



692

Ericson et al.
ULABS and Toxicity

Calculating Blood Lead Levels. Humans can
become exposed to lead in soil either directly or in
dust form through ingestion, inhalation, and dermal
contact, with direct ingestion being the most com-
mon dominant pathway. Most inhaled soil, for
instance, is trapped and ingested before entering
the lungs.”” Efforts have been made in HICs to
estimate the amount of soil children ingest
daily,""** although comparatively little work has
been done in this area in the LMIC context. Those
studies that do exist indicate daily intakes of perhaps
4 to 5 times those in the United States.”>** In
addition to incidental ingestion, the deliberate
ingestion of soil, or geophagia, remains a common
practice in LMICs.*”

We used 2 separate methods to calculate the
BLLs of exposed groups. To calculate the BLL
for children, we used the USEPA’s Integrated
Exposure Uptake Biokinetic Model for Lead in
Children, Windows version (IEUBK)."* We
adjusted the default intake values for soil from 85
to 135 mg/day to 250 to 400 mg/day to account
for regional differences in soil ingestion.“’44 All
values for all other pathways were adjusted to zero.
To calculate BLLs for adults, we used the USEPA
Adult Lead Methodology (ALM)."® We adjusted
default intake values for soil from 50 to 200 mg/
day and allocated an exposure frequency of 365
days instead of the occupationally adjusted 219.

An increase proportional to that of children
would have resulted in an intake value of 148 mg/
day, however Harris and Harper (2004) estimate
intakes of 400 mg/day for adults as well as children.
We opted for a more conservative approach and
arbitrarily selected 200 mg/day.

Both the IEUBK and the ALM rely on
age-specific exposures. To estimate the proportion
of an exposed population within a given age group,
we used unpublished age distribution values pro-
vided by the IHME and used in their most recent
GBD calculations.” Using this method, we calcu-
lated BLLs for each of 17 different age groups in
each of our exposure scenarios (low, middle, high).
Calculating Attributable Disability Adjusted Life
Years. To calculate the DALYs resulting from lead
exposure at informal ULAB recycling sites we
applied publicly available WHO methods to the
exposure estimates above. We did so for both result-
ing CVD and intellectual disability. We further
augmented these calculations with a separate
calculation for YLD for pediatric IQ_decrement,
tollowing Chatham-Stephens and not used by the
WHO.’
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DALYs from Cardiovascular Disease. We used the
Microsoft Excel-based calculator developed by the
WHO to determine the attributable fraction of
the CVD burden from lead exposur(:.25 We input
the geometric mean BLL of all adult exposures
at all sites (21.2 pg/dL) to determine the
sex-disaggregated attributable fraction of ischemic,
cerebrovascular, hypertensive, and other heart dis-
eases. We then applied these values to the most
recent WHO GBD report country estimates.”’
Because the WHO provides values at the country
level, we first scaled their results to our numbers of
the exposed populations at each site for both low-
and high-exposure estimates. As a result, the CVD
rate at ULAB sites is assumed to be the same as the
national level. No effort was made to estimate any
increase in the overall CVD rate at sites as a result of
disproportionate lead exposure. We did not adjust
for comorbidity.

DALYs From INTELLECTUAL Disability. To
determine the number of DALYSs attributable to
intellectual disability from lead exposure, we used
the WHO Microsoft Excel-based calculator. We
input the geometric mean BLL for all children
(ages 0-4) at all sites (31.15 pg/dL) and entered
the appropriate regional adjustment. This calcu-
lation resulted in an incidence rate of 6.49 to 8.34
cases of attributable mild mental retardation
(MMR) from pediatric exposure for every 1000
people, and prevalence of 32.45 to 41.72 cases per
1000 people. The calculation also resulted in an
incidence rate of 32.45 to 41.72 cases per 1000 for
prenatal exposure, depending on region. For pre-
natal exposure, incidence and prevalence were
taken to be the same.

We then used 2 separate methods for the calcu-
lation of DALYs from intellectual disability. The
first (incidence) was developed and used by the
WHO for GBD calculations from 1990 to 2010.
We calculated the number of childhood and prena-
tal exposures at each site by applying IHME popu-
lation distributions and World Bank birth-rate
estimates to exposed popula’cions.z’47 We assumed
the same demographic profile at the site as at the
country level. We then applied the population-
adjusted incidence values above to those estimates
to determine the number of cases. Finally, we adap-
ted the DALY spreadsheet and calculation
described in Priiss-Ustiin et al*® to facilitate the cal-
culation of YLD for a large data set. We used the
contemporaneous disability weight of 0.361 for
MMR from pediatric lead exposure and did not dis-
aggregate by sex. The equation as used (for a single
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disabling event) is as follows (adapted from Priiss-
Ustiin et al):

YLD —pw/!KC" e +Har)
r+ BZ

[— (r+B)(L+a)—1]
—e P _ (r 4 B)a— 1]]

+1_K(1—e'L)}

r
where:

a = age of death (years)

r = discount rate (3%)

f = age weighting constant (eg, 8 = 0.04).

K = age-weighting modulation constant (eg, K = 1).
C = adjustment constant for age weights (eg, C = 0.1658).
L = duration of disability (years)

DW = disability weight

The second method for calculating DALY (prev-
alence) was developed and used by the IHME for the
2010 GBD report and is now the standard approach
of both the IHME and the WHO. This method
does not account for future disease resulting from
exposures and as such does not employ discounting
or age weights for the calculation of YLD. Rather,
YLD are calculated in a straightforward multiplica-
tive fashion shown in the following equation (adap-
ted from the WHO"):

YLD;: DWi X Pi

Ericson et al.
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YLD = years lost due to disability
DW = disability
p = prevalence

We used the prevalence values from the afore-
mentioned WHO spreadsheet for MMR and
applied them to the entire exposed population.
Because the MMR DW for pediatric lead exposure
(0.361) is no longer used by the WHO, we utilized
the closest analog, mild intellectual disability with a
DW of 0.1270. We further applied the DWs for
borderline (0.0034), moderate (0.2930), severe
(0.3830), and profound (0.4440) intellectual disabil-
ity to the prevalence of each sequela.”’ To calculate
prevalence of the borderline, moderate, severe, and
profound intellectual disability, we used relative dis-
tribution percentages provided by the WHO for
LMICs and extrapolated from cases of MMR."
We summed all resulting YLDs to determine attrib-
utable DALYs. Neither the incidence nor the prev-
alence method resulted in a value for YLL. DALYs
for intellectual disability were therefore the result of
YLD equations only. We did not adjust for
comorbidity.

DALYs From IQ Decrement Not Resulting in
MMR. Following Chatham-Stephens et al, we
applied an additional DW for IQ_decrement not
resulting in MMR. All children at all sites covered
by this analysis were expected to suffer lifelong
impairment from IQ_decrement resulting from lead
exposure. Using the WHO calculator referred to
above, we estimated that the vast majority (863 per
1000 population) were expected to have a decre-

where: ment of >3.5 IQ_points. An additional 135 children

Table 1. Estimated Number of Informal ULAB Processing Sites and Exposed Populations by Utilized Subregion
Number of Sites Population Exposed Number of Sites Population Exposed

Region (Method 1) (Method 1) (Method 2) (Method 2)
Central Africa 126 72,532 157 90,205
East Africa 161 92,486 2702 1553638
North Africa 498 286,503 857 492667
Southern Africa 529 303,962 1578 907,299
West Africa 351 201,849 2780 1598733
East Asia and Indochina 2959 1,701,232 6736 3873174
Former Soviet Union 564 324,511 776 446,387
Caribbean 90 51,536 213 122,293
Central and North America 569 327,108 819 471096
South America 1352 777,252 1495 859806
Middle East 438 251,836 74 426,153
South Asia 1369 787,023 8538 4,909,218
Southeast Asia (excluding Indochina) 1594 916,633 1849 1063431
Total 10,599 6,094,463 29241 16,814,100
ULAB, used lead-acid battery.
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Table 2. DALYs by Health Outcome at Informal ULAB
Processing Sites (Incidence Method)
Sequela Low High
Mild mental retardation 49,009 160,070
Total cardiovascular diseases 35,017 191,208
Hypertensive 4125 21,683
Ischemic 12,381 65,285
Cerebrovascular 14,224 80,575
Other cardiovascular diseases 4287 23,665
IQ decrement (other) 463,448 1,261,198
Total DALYs 547,474 1,612,476
DALY, disability adjusted life year; ULAB, used lead-acid battery.

per 1000 were calculated to have a decrement of
1.95 to 3.25 IQ_points. IQ_decrement resulting
from pediatric lead exposure has long been
acknowledged to result in decreased lifetime earn-
ings and other adverse lifelong effects.’” ° Despite
this linkage, no DW currently existed that captured
this impairment. As an alternative, we applied the
DW for anemia (0.024).

In the incidence approach, we calculated IQ dec-
rement for all non-MMR fetuses and children (ages
0-4) for all years of life. We used the applicable
WHO DALY calculation (incidence) with full age
weighting. We did not disaggregate by sex. In the
prevalence approach, we calculated IQ_decrement
for fetuses, children, and adolescents (ages 0-14).
We assumed 100% prevalence for all groups for
whom we had not already calculated intellectual dis-
ability. We excluded possible IQ_ decrement for
adults because we assumed an age of 15 years for
all ULAB sites.

Table 3. DALYs by Health Outcome at Informal ULAB
Processing Sites (Prevalence Method)
Sequela Low High
Total intellectual disability 65,883 182,149
Intellectual disability  borderline 602 1652
Intellectual disability — mild 27,569 75,700
Intellectual disability moderate 23,482 64,485
Intellectual disability  severe 10,233 28,097
Intellectual disability  profound 4448 12,215
Total cardiovascular diseases 35,017 191,208
Hypertensive 4125 21,683
Ischemic 12,381 65,285
Cerebrovascular 14,224 80,575
Other cardiovascular diseases 4287 23,665
IQ decrement (other) 25,896 88,114
Total DALYs 127,248 461,470
DALY, disability adjusted life year; ULAB, used lead-acid battery.
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RESULTS

We estimate that there are 10,599 to 29,241
informal ULAB processing sites where human
health is at risk in the 90 countries that we
reviewed. We further estimate that 6 to 16.8 mil-
lion people are exposed to lead at these sites,
resulting in exposures to 557,000 to 1.8 million
children (ages 0-4). Summary results of the num-
ber of sites and exposed populations are presented
in Table 1.

We calculated a geometric mean BLL for chil-
dren at ULAB sites of 31.15 pg/dL (range: 19.5-
55.8 pg/dL) and a geometric mean BLL for adults
of 21.2 pg/dL (range: 9.7-49.5 pg/dL). We esti-
mated that these combined exposures resulted in
127,248 to 1,612,476 DALYs in 2013. Table 2
presents the results of the incidence method.
Table 3 presents the results of the prevalence
method. Table 4 presents a summary of all major
findings organized by WHO region.

DISCUSSION

The main findings of the present study are that
there are between 10,599 and 29,241 informal
ULAB processing sites where human health is at
risk in the 90 countries we reviewed; that battery
recycling operations at these sites result in exposures
to between 6,094,463 and 16,814,100 million peo-
ple; and that these exposures to lead resulted in
127,248 to 1,612,476 DALYs in 2013.

Because global data on lead exposure at ULAB
sites have not previously been available, none of
the findings from our analysis were included in pre-
vious analyses of the GBD. In their most recent
estimate of the GBD, the IHME modeled lead
exposures resulting from aerial deposition of leaded
gasoline.” They used these estimates to determine
that 4,199,925 and 15,594,412 DALYs resulted
globally in 2015 from exposure to lead from
gasoline.

In the 90 countries covered by the present anal-
ysis, IHME estimates that approximately 3,092,760
and 7,017,424 DALYs resulted in 2015 from expo-
sure to lead from gasoline. When that estimated
burden of disease is added to the findings from
this analysis, we calculated that the total burden of
disease resulting from lead exposure in these 90
countries amounts to 3.2 million to 8.6 million
DALYs in 2013. This finding indicates that lead
is one of the largest environmental contributors to

the GBD.



Annals of Global Health, VOL. 82, NO. 5, 2016
September—October 2016: 686 699

Ericson et al. 695

ULABS and Toxicity

Table 4. Informal ULAB Sites, Exposed Populations, and Attributable DALYs by WHO Region

Number of Population Number of Population Exposed
Region Sites (Method 1) Exposed (Method 1) Sites (Method 2) (Method 2) DALYs (Low) DALYs (High)
Africa 1348 775,058 7152 4,112,339 17,570 627,017
Europe 564 324511 776 446,387 9128 46,978
Southeast Asia 3615 2,078,530 9625 5,534,601 42,825 395,526
Americas 2010 1,155,897 2527 1,453,195 21,629 118,157
Western Pacific 2222 1,277,492 6489 3,731,000 25,497 234,906
Eastern Mediterranean 840 482,975 2672 1,536,578 10,600 189,891
Total 10,599 6,094,463 29,241 16,814,100 127,248 1,612,476
DALY, disability adjusted life year; ULAB, used lead-acid battery; WHO, World Health Organization.

Throughout the present analysis, we tried to err in
the direction of conservatism and to base our analysis
on low-bound estimates. We noted a series of limi-
tations in our approach, some of which resulted
from this tendency to down-weight the numbers.
First, our estimated geometric mean BLLs for both
children and adults (31.15 and 21.2 pg/dL, respec-
tively) are well below the levels that we have encoun-
tered in our own experience at ULAB sites in
LMICs and are also below the levels reported in pre-
viously published studies. Thus, our calculations with
regard to BLLs and DALYs likely resulted in a sig-
nificant underestimate of the full magnitude of the
disease burden due to lead exposure at ULAB sites
globally. Comparable studies in China, for example,
have found population-wide BLLs >100 pg/
dL’*** and studies from other countries regularly
report BLLs >40 pg/dL.”” °* Our low estimates
may reflect our reliance on environmental exposure
estimates and on the IEUBK and ALM algorithms
that were designed for a US context. We have tried
to correct for this limitation by adjusting upward
for the higher levels of ingestion that have been
reported in LMICs. An alternative approach might
be to apply a calculation for BLLs based on a
meta-analysis of relevant literature to exposed
populations.

Another potential shortcoming in the present
analysis is that the algorithms we developed to esti-
mate the number of contaminated sites in each
region relied on a relatively small number of param-
eters and on a series of assumptions. Possibly incor-
rect assumptions included our use of a 100%
recycling rate for ULABs and our exclusion of
transboundary movement (beyond the individual
subregions). Other potential shortcomings include
the fact that national statistics in LMICs are poten-
tially inaccurate. However, absent an alternative, we
relied wholly on these statistics in many cases and

elsewhere we extrapolate from them to fill gaps.
We used Dowling et al. as a guide for developing
these estimates and hedge toward the more conser-
vative option.'' Future, more detailed assessment at
ULAB sites globally will result in refinement and
very likely in increases in the estimates that we pre-
sented here.

With regard to our DALY calculations, we
followed WHO methods closely on the calcula-
tion of DALY resulting from intellectual disabil-
ity and CVD with the exception of failing to
account for comorbidity. We acknowledge that
this may have resulted in a slight overestimate
for the attributable fraction of lead exposure to
these sequelae. More significantly we provided
an additional DW for lifetime IQ_decrement
resulting from pediatric exposure. The result of
this calculation disproportionately contributes to
the overall disease burden presented. Pediatric
lead exposure and associated IQ_decrement result
in a lifetime of adverse consequences, including
decreased earnings, poorer educational and health
outcomes, and higher rates of societal vio-
lence.””?>°®*? The existing list of WHO DWs
simply does not account for these outcomes and
as such falls woefully short of documenting the
disease burden suffered by leaded children. We
disaggregated all DALYs by sequelae and
provided detailed accounting for our calculations,
thus enabling the reader to elect to include this
additional weighting or not.

We calculated DALY for intellectual disability
using 2 separate approaches. The first, prevalence,
resulted in a range of 127,248 to 461,470 DALYs,
whereas the second, incidence, resulted in the
higher values of 547,474 to 1,612,476 DALYs.
The prevalence approach is the most common
method currently used in DALY calculations.
Accordingly, these values are immediately
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comparable with those developed elsewhere. The
incidence approach was used by the WHO until
2013 and is potentially more sensitive to certain
characteristics of ULAB sites. Among them, this
approach tends to more heavily weight nonfatal
disease in children compared with adults.”” We
assumed an age of 15 years for all sites in our anal-
ysis, indicating that the future disease burden will
be more significant than current population-wide
prevalence suggests. Given that the incidence
approach accounts for future morbidity, this is
reflected in the results, whereas it is absent from
the prevalence approach. Others have observed
that for similar reasons the incidence approach
may be preferable in cost-effectiveness analysis of
interventions.’” The different DALY values pre-
sented here do not reflect an actual difference in
the amount of disease resulting from informal
ULAB sites. They are simply 2 ways of presenting
the same data.

The approach that we took here to assessing
lead exposure at ULAB sites could be modified
and applied to assess the disease burden resulting
from exposures to other poorly quantified toxic
chemicals at contaminated sites globally. Among
the more prominent contaminants in the TSIP
database are hexavalent chromium, obsolete pesti-
cides, mercury, and radionuclides. It is likely that
if analyses were undertaken of the disease burden
resulting from exposures to these pollutants, the
GBD attributable to pollution would increase still
further.

The contamination resulting from informal
ULAB sites presents a unique set of challenges,
including its persistence, prevalence, and severity.
Lead is highly immobile in the environment and
is unlikely to migrate on its own from surface to
subsurface soils where exposures would be
reduced.”’  Accordingly, without intervention,
ULAB sites will pose a risk to populations well
into the future. By way of example, the phase
down of leaded gasoline in the United States
began in 1975, resulting in significant reductions
over the next 2 decades and a total ban in
1995.%% Soil lead concentrations in US urban
areas, however, have remained elevated, contribu-
ting to 256,704 DALYs in 2015.%%%% The case is
similar globally. Most HICs phased down leaded
gasoline along the same timeline as the United
States.”* At present, leaded gasoline is only sold
in 2 countries: Algeria, Iraq, and Yemen.”
Despite the absence of an ongoing source of

leaded gasoline emissions, 4,199,925 and
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15,594,412 DALYs result globally from legacy
depostion.’® In the case of informal ULAB sites,
contaminated soils similarly could not be expected
to naturally attenuate. To mitigate these long-
term exposures, sites will need to be identified
and characterized and site-specific remediation
plans developed and executed.

Informal ULAB sites are diffuse and common.
Haryanto, for instance, documented 71 distinct
smelting locations in the Jakarta metro area.”’
These sites are disparately located in nearly all major
areas of the city.”’ Similar spatial diffusion has been
identified in those countries where T'SIP has been
conducted. ULAB operations are of low capital
intensity and require little skill. They are therefore
somewhat amenable to relocation; requiring a
different policy response than their formal counter-
parts. In some cases, informal operators have been
aggregated into industrial clusters that are spatially
segregated from residential areas.’®”’ Elsewhere,
sites have been shuttered by authorities only to relo-
cate. Much has been written on adapting regulatory
frameworks to the informal sector.’”°® There is a
need to evaluate informal ULAB sites in the context
of this literature and develop appropriate regulatory
responses.

ULAB sites present a uniquely severe risk to
area residents. Indeed, the predicted pediatric
BLLs in the present study are extremely rare in
HICs, and then only seen in adults in very high-
exposure occupational settings.(’() Surface soil lead
concentrations resulting from ULAB sites are at
least an order of magnitude higher than the highest
set of roadside levels in HICs.””"*% At its peak,
leaded gasoline in the United States resulted in a
mean BLL of 14.6 ng/dL for the population as a
whole and 13.6 pg/dL in children.”””" In the
present study, we predicted geometric mean
BLLs of 31.15 pg/dL in children and 21.2 pg/
dL in adults living near ULAB sites. We further
stated that these predictions are much lower than
actual the BLLs found by researchers at sites in
the field’® °” and that our predictions are very
likely underestimates.

CONCLUSIONS

We estimate that in 2013 informal ULAB process-
ing sites put the health of 6,094,463 to 16,814,100
million people at risk and contributed to 127,248 to
1,612,476 DALYs in the 90 countries we evaluated.
These estimates indicate that this industry is
currently causing widespread lead poisoning in
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LMICs. Informal ULAB sites pose a unique threat

to area residents in their persistence, prevalence, and

severity. There is an urgent need to identify, charac-
terize, and mitigate exposures at existing sites.
There also is a need to identify appropriate policy
responses and practical and effective long-term
management approaches to minimize the creation

of new sites.
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3.2. Paper Seven

Estrada-Sanchez, D., Ericson, B., Juarez-Pérez, C. A., Aguilar-Madrid, G., Hernandez, L.,
Gualtero, S., & Caravanos, J. (2017). Pérdida de coeficiente intelectual en hijos de alfareros
mexicanos. Revista Médica del Instituto Mexicano del Seguro Social, 55(3), 292-299.

Lead oxide has been applied as a glaze in traditional ceramics for centuries. Although the
practice persists in very few countries, it remains common in Mexico with an estimated
10,000 ceramic workshops using lead oxide glazes. These workshops typically either adjoin
the home or are contained within it, thereby presenting a significant exposure risk. This study
attempts to characterize the risk associated with the ongoing use of lead oxides in pottery
glazes via analysis of environmental sampling from 19 different Mexican ceramics
workshops and calculation of the resulting attributable disease burden in terms of 1Q point
decrement. This paper applied two well-established models of lead attributable IQ decrement
to pediatric exposures. It is the first such study to conduct this type of analysis in this context.
The paper was originally written in Spanish (Appendix A) with co-authors from a major
government health agency (IMSS) and published in a government journal. The overall the
intention of this approach was to have maximal public health impact in Mexico. The paper
sits equally well in both Chapters 2 and 3 as it describes a unique though ubiquitous source of

lead poisoning in Mexico and the resulting disease burden as measured in IQ decrement.
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Background: In Mex co, artsans frequenty use ead ox de or greta n
order to produce utens s, wh ch are dest ned to preparat on and storage
of food and dr nks. Add t ona vy, the r sk of ead po son ng of art sans and
ther fam es s greater than n genera popuaton, and wthn these
fam es, ch dren are the most susceptb e to ead po sonng. The am of
th s study was to est mate IQ oss n Mex canch dren from potterfam es
exposed to ead.

Methods: Lead concentratons n so were determned n 19 potter’s
homes that functoned as pottery workshops n seven Mex can states
between 2009 and 2012. Ths nformaton was used to estmate b ood
ead eves through the ntegrated exposure uptake b ok netc (IEUBK)
mode . The oss of IQ po nts was then est mated accord ng to the Lan
phear and Schwartz mode s.

Results: The mean ead concentraton found n the workshops' so was
1098.4 ppm. Bood ead eves estmated n ch dren under 8 years od
were 26.4 pg/dL and the oss of IQ po nts comprsed from 7.13 to 8.84
po nts depend ng on the mode .

Conclusions: It s possb e that 11 ch dren from fam es of artsans n
Mex co may be os ng between 7.13 to 8.84 1Q po nts, due to ead expo
sure n ther houses workshops. Ths oss n |Q ponts coud have mpor
tant hea th, econom ¢ and soc a mpacts.
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he use of lead-based ceramic glazes dates
back to ancient Greece and has continued
relatively unchanged until only
recently.! Although their use has decreased
worldwide, lead glazes are currently employed to
produce handicrafts in several countries in Latin
America, North Africa and the Middle East. In the
Americas, the Spanish infroduced lead-based glazes as
an alternative to burnished ceramics in the sixteenth
century.!?? Nearly five centuries later, lead glaze
continues to be used in at least 20 Mexican states.” The
US Food and Drug Administration (FDA) utilizes a
maximum permitted level of lead in ceramics based on
use, with a range of 0.5 to 3 pg /mL.*In Mexico,
NOM-004-SSA1-2013 states that the use of lead-based
ceramic glazes should be avoided.’ However, both in
the formal and informal sector, ceramicists continue
the regular use of lead-based glazes for pottery used in
food preparation and storage.® Such ceramics are used
throughout the country, predominantly among the
poor; however, for cultural and traditional reasons,
they are also used by higher income Mexicans. The
majority of pottery in Mexico is produced in low
temperature ovens (between 850 and 1000°C). They
therefore do not reach a sufficient temperature to form
insoluble lead silicates resistant to chemical attack by
food and liquids acids. Under these conditions, lead is
more bioavailable and can be easily released into food
and drinks in contact with the glaze.” Food acids such
from tomato, coffee, chili and lemon juice accelerate
the lead leaching process.®
In 1991, Avila et al. determined that 58% of the
risk attributable to blood lead levels of Mexican
women was due to the use of pottery glazed with lead
to prepare, serve, and store food and beverages.9 In a
recent publication by Caravanos et al. (2014) average
blood lead levels were estimated to be 8.85 pg/dL in
urban areas and 22.24 pg/dL in rural areas. The study
identified pottery as the primary source of exposure, in
addition to other sources such as mining and
smelting.!°

#Pure Earth Nueva York Estados Unidos

bUnidad de nvestigacion de Salud en el Trabajo Centro Médico
Nacional Siglo XX nstituto Mexicano del Seguro Social Ciudad
de México México

‘Hunter College City University of New York/School of Public
Health Nueva York Estados Unidos
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Introduccién: en Méxco, os afareros contnuan
usando frecuentemente e 6x do de p omo o greta para
producr utens os, os cuaes se destnan a a pre
parac 6n y amacenam ento de a mentos y beb das.
Ad c onamente, e resgo de ntox cac 6n por pomo de
os afareros y sus fam as es mayor que en a poba

con genera, y en taes fam as, os nfios son osmas
susceptb es a a ntox cac 6n por p omo. E objet vo de
estudo fue estmar a pérdda de puntos de coef

cente nte ectua (Cl) en h jos de afareros mex canos
expuestos a p omo.

Métodos: durante e per odo de 2009 a 2012 se deter
m naron as concentrac ones de pomo en sue o de 19
casas ta eres de afareros en s ete estados mex ca

nos. Esta nformac 6n se ut z6 para estmar e nve

de p omo en sangre, por med o de mode ob oc nét co
ntegrado de absorc 6n por expos ¢ 6n (IEUBK, por sus
sgas en ngés). Posterormente, se cacuaron os
puntos perd dos de Cl segin os mode os de Schwartz
y Lanphear.

Resultados: a concentrac 6n promed o de pomo en
sue o fue de 1098.4 ppm. Se estmé un nve de pomo
en sangre de 26.4 pg/dL para menores de 8 afios. La
pérd da de puntos de Cl estmada fue 7.13 y 8.84,
segin e mode o ut zado.

Conclusién: es posbe que a menos 11 nfios de
fam as afareras mexcanas estén perd endo entre
7.13 y 8.84 puntos de Cl, debdo a a exposcoén a
pomo en sus casas ta eres, o que supone mportan
tes mpactos econém cos, soc a es y de sa ud.

Other studies have documented the impact of glazed
pottery production on the health of adults and children
in Mexico, including reports of blood lead
concentrations greater than 20 pg/dL in families of
ceramicists in Tzintzuntzan, Michoacan, and more
than 30 pg/dL in a pottery community of Veracruz
state.”!112 Children are more susceptible to lead
poisoning than adults.!* Moreover, the risk of lead
poisoning to ceramicists and their families is greater
for a series of reasons. These include elevated
environmental exposure, foods cooked in glazed
pottery with lead, malnutrition, the shared use of
spaces for work and living, bad practices in the
handling of lead oxide, and the fact that that lead
becomes an endogenous source of exposure. !>+

The relationship between the level of lead in blood
and alterations in the IQ has been widely studied.! A
meta-analysis by Schwartz!” found that lead affects
neuro-transmissions and is associated with a decrease
of 2.6 IQ points with levels of between 10 and 20
ng/dL of lead in blood. Several authors have studied
the association between elevated blood lead levels and
environmental exposure to lead in soil.!>!81%202! From
the reviewed literature no studies were found
concerning the impact of lead on the IQ of
ceramicists’ children, which represents the population
most vulnerable to the use of lead in in this industry.
Therefore, the present study estimated the loss of IQ
points from lead levels in soil for children living in
ceramicists’ homes.

293

Methods

A cross-sectional study was carried out between
November 2009 and March 2012 in which Pure Earth
(formerly Blacksmith Institute) conducted lead soil
measurements in 25 ceramicists’ homes in seven
states of Mexico (Colima, State of Mexico, Jalisco,
Michoacan, Oaxaca, Puebla and Tlaxcala), as part of
site evaluations intended to facilitate
remediation.”>” Heads of households that had
previously participated in programs provided by the
National Fund for the Promotion of Handicrafts
(FONART) were invited to participate. The selection
of the sample was by convenience, as only those
households who were interested in knowing the levels
of lead in the soil of their home-workshops were
included. Of the 25 home-workshops that participated
via FONART, 19 were selected for the study. In all 19
cases the application of glazes was carried out inside
the home, thus reducing the influence of atmospheric
variables that could significantly decrease the levels
of lead in the soil. All the families that participated in
the study belonged to social stratum D (very low
income) and subsisted mainly from the production of
pottery. In all cases it was observed that the spaces for
production and lead glaze application were used as
common areas within the home.
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Blood lead levels were estimated with the US EPA
Integrated Environmental Uptake Biokinetic win v1.1
build 11 (IEUBK) model based on soil measurements
taken in home-workshops. Estimated blood
concentrations were then used to estimate the number
of IQ points lost in individual children.?'-**

Environmental Lead Levels

The investigation analyzed the soil in and around the
home of each family of artisans. An average of 10
samples were taken in each workshop. A portable X-
ray fluorescence instrument (XRF) was used to
measure concentration of lead in the surface soil
(Equipment: INNOV-X Alpha 6500, Woburn,
Massachusetts). This instrument instantly measures
21 metals in solid and semi-solid soil matrices. Study
participants were informed about the risks associated
with environmental and occupational exposure to
lead, as well as on strategies to minimize their
exposure.

Soil lead measurements were shared with the
homeowners during the assessments, owing to the 15-
30 second response time of the XRF. In cases where
surface soil lead concentrations exceeded the United
States Environmental Protection Agency (EPA)
recommended level of 400 ppm workers were advised
to cease using lead oxide.

Six home-workshops were excluded from the study
because their operations carried out exclusively
outdoors, thus the soil was subject to the dispersion or
entrainment of lead by climatic influences.
Consequently, the analysis of burden of disease was
based on 149 readings of 19 Pottery workshops (Table

109

Estimated Lead Levels

The IEUBK win v1.1 version build 11, was used for
the estimation of blood lead levels. This toxicokinetic
model can be obtained for free and is widely used to
predict the blood lead levels of children from between
six months to seven years of age, based on the
environmental levels of lead.>>?¢ The IEUBK model
was developed by the US EPA to estimate the effect
of emissions from lead smelters and to evaluate
remediation activities at Superfund sites.”’ It is used in
various applications and scientific research and,
therefore, has been reviewed by experts.

The IEUBK model uses standard biokinetic
absorption factors as default values, though allows the
user to edit parameters related to exposure. Thus the
user can edit inputs from lead in air, soil, water and
food sources, as well as the amount of water ingested,
the volume of inhaled air and gastrointestinal
absorption by age group.”® It also allows the user to
enter the level of lead in the mother's blood. In this
study the model default values of zero (0) for air,
water, food, blood and maternal exposure were used.
Additionally, it was assumed that lead deposits on the
exterior floor and dust inside they were the same. The
default value of soil ingestion (100 mg/day) was
increased to 400 mg/day to account for dustier
conditions resulting from earthen floors, and unpaved
streets and sidewalks, which increase exposure.

Rev Med nst Mex Seguro Soc 2017 55(3) 292-9
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To determine the population of affected children in the
19 workshops, it was assumed that all households
were composed of four people, which is the average
number of  members per family in
Mexico. Additionally, with 2010 data from the
National Institute of Statistics and Geography
(INEGI), it was estimated that 15.2 % of the
population is between 0 and 7 years old, which means
that around 11 children between 0 and 7 years old
lived in the 19 workshops.*® As the study was based on
single visits focused on environmental concentrations,
family heads were not questioned about the number of
children residing in the home. The field experience of
the researchers indicates that the use of INEGI
estimates is likely conservative.

Estimation of 1Q points lost

Once the blood lead level was estimated, it was
utilized to calculate its impact on the 1Q.

Two meta-analyzes were used: the Schwartz study of
1994"7and that of Lanphearet al from 2005.%'
Schwartz's work was based on eight studies that
monitored lead levels of 2,702 children from different
socioeconomic strata with blood lead levels between
10 and 20 pg/dL. The meta-analysis found that an
increase of 10 to 20 pg/dL of lead in blood resulted in
a loss of 2.57 IQ points. With this investigation, a
linear model to predict the impact in that range, so the
loss of IQ can be calculated by multiplying the blood
lead level by 0.257.16

To estimate the effect of lead on IQ in children with
less than 10 pg/dL of lead in the blood, the Lanphear et
al. metaanalysis was used. This study analyzed
cohorts that included 1,333  children.’! The
investigation took into account multiple variables that
could influence the relationship between lead
exposure and IQ, such as the child’s gender, birth
order, birth weight, maternal education, maternal age,
marital status, prenatal exposure to alcohol, prenatal
exposure to tobacco, as well as an index that reflects
the quality and quantity of emotional and cognitive
stimulation at home, measured by the program of the
Home Observation Measurement of the Environment
(HOME). The study found that a logarithmic-linear
model predicted the impact on the IQ. The equation of
this model is loss of IQ = beta * In (concurrent level
of blood lead/cutoff point), with a beta of -2.70 and a
cutoff point of 1 pg/dL. The level of blood lead
estimated for each home-workshop was used in both
equations to predict the decrease in 1Q.%!
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Results

Soil lead levels in home-workshops of artisans

149 readings were taken in 19 workshops. The
average lead concentration (geometric mean) in the
soil inside home-workshops was 1,098.4 ppm, with a
confidence interval (CI) of 95% of 898-1,343.5 ppm
(Table II). More than 50% of the workshops had
maximum readings that exceeded 5,000 ppm (Table
ID).In cases where the concentrations of lead
identified were above the levels recommended by the
EPA (400 ppm), owners were advised to immediately
stop the use of lead oxide.

In addition to lead, the XRF instrument also
determines concentrations of 38 other elements. Of
these, none of the readings showed high levels of
arsenic, cadmium, mercury or any other relevant toxic
materials.

Estimation of blood lead levels

Lead levels in blood were calculated with the IEUBK
model, based on default zero (0) inputs for air, water,
food and maternal blood and using the total geometric
mean soil lead levels of 1,098.4 ppm (Table II), with
the aforementioned 95% CI of 898-1343.5 ppm. This
yielded an average blood lead level of 26.4 pg/dL in
children under 8 years of age, with a CI at 95% of
23.2-29.8 pg/dL. This average result is five times
greater than the one recommended by the US Centers
of Disease Control (CDC;5 pg / dL).*

Estimation of 1Q points lost

Using the Lanphear et al. and Swhwartz models, it
was estimated that the 11 children under eight years of
age, who hypothetically would be living in the 19
houses-workshops, would probably have a loss
between 7.13 (Schwartz) and 8.84 (Lanphear et al.) IQ
points as a result of this type of exposure to lead (table
).

110
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Discussion

During the last decades, several studies have shown
high levels of blood lead in communities of
ceramicists in Jalisco, Michoacan and Veracruz.!l-1214
These studies have indicated that the increase in blood
lead levels is associated with factors such as the
location of workshops inside homes, cooking in
glazed earthen ceramics, being a child, being a woman
and having a dirt floor.

This study estimates an average loss of 7.13 to 8.84
IQ points for children living in the 19 pottery home-
workshops. In Mexico there are 10,586 registered
workshops in the FONART  ceramicists’
census. Based on the average Mexican family size it
can be estimated that there are at least 42,344 people
who live in ceramicists’ home-workshops in Mexico.

111

If the conditions found in this study were present in all
of these, it could be estimated that approximately
6,436 children under the age of eight (15.2% of the
ceramicist family population) would be at risk of
decreasing their IQ as a result of the exposure to high
levels of lead in their home-workshops.** Depending
on the choice of the model, this loss could vary
between 7.13 and 8.84 points on average for each
child.

This IQ decrease could also have a negative social
impact. In 1998, Gottfredson described IQ loss as the
condition most deeply implicated in adverse social
outcomes (poverty, poor well-being, delinquency and
school failure).?* Health impacts caused by pediatric
lead exposure also have a negative impact on the
economy. The impact can be quantified in terms of
public health costs, the need to additional educational
resources, and low productivity due to lost
IQ. Ceramicists working with ceramic glazes present
the highest levels of lead in blood, compared to other
populations  that are  occupationally and
environmentally exposed.***

Rev Med nst Mex Seguro Soc 2017 55(3) 292-9
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Table lll So ead eves,bood ead eves and IQ decrement of ceram ¢ sts’ ch dren

that ve n houses wth ead g azes

So ead eves (ppm)

Bood ead eve ug/dL (<8

1Q decrement est mate 1Q decrement est mate

years of age) (Schwartz) (Lanphear)
1098.4 (geometr c mean) 26.4 -7.13 -8.84
898 (95% Cl ow) 23.2 -6.26 -8.49
1343.5 (95% hgh) 298 -8.05 -9.17
A study conducted in 2002 by Landrigan ef al. .
Conclusion

examined the financial costs of four diseases
associated with exposing children to different
environmental factors: lead poisoning, cancer, asthma
and developmental disorders.’é The study found that
environmental exposure related to these diseases
generates approximately 2.8% of the total annual
health care costs in the United States, which amounted
to a cost of USD 54.9 billion. This study is important
to understand the risk presented by the use of lead
oxide for ceramicists and their families.

Study Limitations

This study is based on the evaluation of lead
concentration on the floors of 19 workshops and
utilized convenience sampling. It is not a
representative sample of the total number of
workshops that exist in the participating states, or all
of Mexico. Therefore the results cannot be generalized
to the pottery workshops throughout the country. The
researchers noticed several elements that can
influence lead exposure risk in home-workshops,
which can vary significantly between workshops.
Therefore, the estimates made in this study could
vary. These elements include and in the number of
inhabitants, the percentage of children in each home-
workshop, the volume of production, the distribution
of the work/residential space, the flooring material of
the home-workshop, work roles, glaze management
practices, hygiene habits, the number of children not
in the family circle with access to the contaminated
areas, and the use of glazed pottery to cook. It is likely
that the results of the study underestimate the
magnitude and scope of the problem as the
calculations only include one route of exposure to lead
(soil) and did not take into account other important
exposure pathways, such as contaminated food intake
and the endogenous bone source of the mother to the
child in utero. Additionally, this study utilized a single
assessment of the concentrations of lead in soil, which
is not representative of exposure throughout life in
each home-workshop. Further it did not analyze other
variables that could confound the relationship of lead
exposure with the loss of IQ points, such as the ages
of children, schooling, nutritional status, among
others.
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The present study focused on the intellectual quotient
points lost in ceramicists’ children and

can serve as a baseline to expand the knowledge of the
impact of the lead on IQ due to pottery
production. Lead may also have other adverse effects
on multiple systems of the human body, such as the
neurological, hematological, gastrointestinal,
cardiovascular, and renal systems.*® Thus ceramicists’
children are a population at significant risk. An
epidemiological surveillance program should be
developed to monitor their health, along with that of
the ceramicists themselves. It is necessary to improve
knowledge of the social, economic and health costs of
lead-based glazes in Mexico. It is also necessary to
apply existing laws to more effectively eliminate this
type of market product and to make consumers aware
of the importance of buying and using lead free
pottery. Therefore, it is necessary that a permanent
and effective governmental policy encourage
replacement of lead glazes with non-toxic salts.

Acknowledgments

This study was made possible thanks to the
participating potters, as well as the support of the
Annenberg Foundation, Vista Hermosa Foundation,
FONART (in special to Mario Lugardo Covarrubias
Pérez), Richard Fuller, John Keith, Kevin Chatham-
Stephens and Rosalia Fascinetto Dorantes.

Declaration of conflict of interest: the authors have
comp eted and sent the trans ated form (Span sh)of the
decaraton of potenta conf cts of nterest to the
Internatona Comm ttee of Med ca Journa Edtors, and a
conf ct was not reported.

112

Rev Med nst Mex Seguro Soc 2017 55(3) 292-9



Estrada-Sanchez D et al Coefc ente nte ectua bao en h os de a fareros

298

References

Greene K. Late He enstc and eary Roman nven
ton and nnovaton: The case of ead g azed pottery.
Am J Archaeo . 2007;111:653 71.

Fondo Nac ona para e Fomento de as Artesanias
(FONART). Cémo detectar a presenc a de pomoen
cazue as, 0 as, p atos y jarros de barro esma tado.
Méx co: FONART;2008.D spon b een:http://a farer a.
org/s tes/defau t/f es/ mages/Manua Pruebas.pdf
[Consu tado e 9 de abr de2016].

Lépez G. Ceram ca mex cana. Méx co, DF: Everest;
1983.

Food and Drug Adm n strat on (FDA). Pest c de and
chemical contaminants Complianceprogramguidance
manua . USA: FDA; 2005. D spon b e en http://www.
fda.gov/down oads/Food/Comp anceENforcement/
ucm073204.pdf [Consu tado e 16 de abr de 2016].
Secretaria de Sa ud (SSA). Norma of ca mex cana
nom 004 ssal 1993. “Sa ud amb enta, mtaconesy
requstos santaros para e uso de mondxdo de
pomo ( targro), 6xdo rojo de pomo (mno) y de
carbonato basco de pomo (abayade)’. Méxco:
SSA; 1993. D spon b e en: http://www.sa ud.gob.mx/
un dades/cd /nom/004ssa13.htm [Consutado e 16
de abr de 2016].

FondoNac ona parae Fomentode as Artesanias. Uso
de p omoen aa fareriaen Méx co. Nueva York: B ack
sm th Inst tute; 2010. D spon b e en: http://a farer a.org/
s tes/defau t/f es/ mages/InformePbA farer a2010.pdf
[Consu tado e 16 de d c embre de 2015].

Rom eu |, Pa azue os E, Av a MH, Rios C, Mufioz |,
Jménez C, et a. Sources of Lead Exposure n
Mex co C ty. Envron Hea th Perspect. 1994 Apr;102
(4):384 9.

Fedman N, Lamp C, Cragm AL. Lead eachng n
ceramcs dffcut to predct. Ca forna Agrcu ture
53(5):20 23. D spon b e en http://ca forn aagr cu ture.
ucanr.org/ and ngpage.cfm?art c e d=ca.v053n05p20
&fu text=yes

Av a Hernandez M, Romeu I, Rios C, Rvero A,
Paazue os E. Lead g azed ceramcs as major de
term nants of bood ead eves n Mexcan women.
Env ron Hea th Perspect. 1991 Aug;94:117 20.
Caravanos J, Dow ng R, Té ez Rojo M, Cantora A,
Kobrosy R, Estrada D, et a. Nvees de Pomo en
Sangre en Méxco y su Imp caco6n para a Carga
Ped atr ca de a Enfermedad. Ann G ob Hea. 2014;
80(4).e1,e11.

O az Fernandez G, Rojas Martinez R, Fortou TI,
Paazue osE.Hghbood ead eves nceram cfokart
workers n M choacan, Mex co. Arch Envron Occup
Hea th. 1997;52(1):51 5.

Chantr Pérez JN, Azamar Arzmend RA, Gavan
Ruiz R, Lozada Hernandez MA. N ve es de p omo en
mujeres y nfos afareros. Revsta Médca de a
Unversdad Veracruzana. Enero juno 2003; 3(1).
Dsponbe en https://www.uv.mx/rm/num_anter
ores/revmed ca_vo 3_num1/artcuos/nvees_po
mo_muj_n nos_a fareros.htm

Buck G, Damstra T, Diaz Barrga F, Faustman E,
Hass U, Kav ock R, et a. Tox cok net cs. In: Buck G,

113

14

15

16

17

18

19

20

21

22

23

24

25

26

Damstra T, Diaz Barr ga F, Faustman E, Hass U,Ka
vock R, eta.Prncpesforevauatng heathrsks n
ch dren assocated wth exposure to chemcas.
G nebra: Wor d Hea th Organ zat on; 2006. pp.31 33.
Mo na Ba esteros G, Zufi ga Char es MA, Garcia de
Aba JE, Cardenas Ortega A, Sois Camara PR.
Expos c6n a pomo en una pob ac 6n de a fareros.
Arch Invest g Med ca. 1980;11(1):147 55.

Mo na Ba esteros G, Zufiga Chares MA, Carde
nas Ortega A, Sois Camara PR, So is Camara PV.
Concentrac 6n de p omo en sangre de nfios de fa
m as afareras / Lead concentraton n the b ood of
ch dren n fam es of potters. Bo Of Sant Panam.
1982;92(1):33 40.

Kaufman A. Do ow eve s of ead produce IQ oss n
ch dren? A carefu exam naton of the terature. Arch
C n Neuropsycho . 2001;16(4):303 41. D sponb e en
http://www.sc enced rect.com/sc ence/artce/p /
S0887617700000846

Schwartz J. Low eve ead exposure and ch dren’s
IQ: a meta anays s and search for a thresho d. Int J
Env ron Resour Res. 1994;65:42 55.

M e ke HW, Gonza es CR, Powe E, Jartun M, Me
ke PW. Non near assoc at on between so ead and
b ood ead of ch dren n metropo tan New Or eans,
Lou s ana: 2000 2005. Sc Tota Envron. 2007 Dec
15;388(1 3):43 53.

Zahran S, Meke HW, Gonzaes CR, Powe ET,
We er S. New Oreans before and after Hurr canes
Katrna/Rta: a quas exper ment of the assoc aton
between so ead and ch dren’s b ood ead. Envron
Sc Techno Lett. 2010;44(12):4433 40.

Ladaw MAS, Tay or MP. Potenta for ch dhood ead
posonng n the nner ctes of Austra a due to ex
posure to ead n so dust. Envron Po ut [Internet].
2011;159(1)1 9.

Caravanos J, Chatham Stephens K, Ercson B,
Landrgan PJ, Fu er R. The burden of d sease from
ped atr ¢ ead exposure at hazardous waste stes n7
As an countr es. Int J Envron Resour Res. E sev er;
2013 Jan;120(2012):119 25.

Ercson B, Caravanos J, Chatham Stephens K,
Landrgan P, Fu er R. Approaches to systemat c as
sessment of env ronmenta exposures posed at haz
ardous waste s tes n the deve op ng wor d: the Tox ¢
S tes Identfcaton Program. Envron Mont Assess.
2013 Feb;185(2):1755 66.

Caravanos J, Guatero S, Dow ng R, Er cson B, Ke th
J, Hanrahan D, eta. A s mp fed r sk rank ng system
forprortzngtoxcpo utonstes n ow andmdde
ncome countres. Ann G ob Hea. 2014;80 (4):278
85.

Chatham Stephens K, Caravanos J, Ercson B,
Landrgan P, Fu er R. The ped atrc burden of ds
ease from ead exposure at tox ¢ waste stes n ow
and mdde ncome countres. Int J Envron Resour
Res. 2014;132:379 83.

Hogan K, Marcus A, Smth R, Whte P, A HET. Inte
grated exposure uptake b ok netc mode for ead n
ch dren: Emprca comparsons wth epdemoogc
data. Env ron Hea th Perspect. 1998;106(6):1557 67.
Wh te PD, Van Leeuwen P, Dav s BD, Madda on

Rev Med nst Mex Seguro Soc 2017 55(3) 292-9



Estrada-Sanchez D et al Coefc ente nte ectua bao en h os de a fareros

27

28

29

30

31

299

Hogan KA, Marcus AH, et a. The conceptua struc
ture of the ntegrated exposure uptake boknetc
mode for ead n ch dren. Envron Hea th Perspect.
1998 Dec;106(Supp 6):1513 30.

Envronmenta Protecton Agency (EPA). Lead at
Superfund Stes: Frequent questons from rsk as
sessors on the Integrated Exposure Uptake B ok
net ¢ (IEUBK) mode . Wash ngton, USA: EPA; 2013.
D sponbe en https://www.epa.gov/superfund/ ead
superfund s tes frequent quest ons r sk assessors
ntegrated exposure uptake [Consutado e 16 de
d cembre de 2015]

O’F aherty EJ. A phys o og ca y based k netc mode
for ead n Ch dren and Aduts. Envron Heath Per
spect. 1998 Dec;106:1497 9.

Sun L, Me nhod C. Gastro ntest na absorpton of pu
ton um by the Marsha Is anders. Hea th Phys. 1997;
73(1):167 75.

Inst tuto Nac ona de Estadist ca y Geografia (INEGI).
Censo de pobaco6ny vvenda 2010. Méx co: INEGI;
2014. Dsponbe en: http://www. neg .org.mx/est/
conten dos/proyectos/ccpv/cpv2010/ [Consutado e
16 de d c embre de 2015]

Lanphear BP, Hornung R, Khoury J, Yoton K, Ba
ghurst P, Be nger DC, et a. Low eve envronmen
ta ead exposure and ch dren’s nte ectua functon:
An nternatona pooed anayss. Envron Heath

32

33

34

35

36

37

Perspect. 2005 Mar;113(7):894 9.

Centers for D sease Contro and Preventon (CDC).
Bood ead eves n ch dren. Atanta, USA: CDC;
2010. Dsponbe en http://www.cdc.gov/mmwr/
prev ew/mmwrhtm /mm6213a3.htm [Consutado e
16 de d c embre de 2015]

Gottfredson LS. The genera nte gence factor. Sc
Am Present. 1998;9:24 9.

Agu ar Gardufio C, Lacasafia M, Té ez Rojo MM,
Agu ar Madrd G, Sann Agurre LH, Romeul, et a.
Indrect ead exposure among ch dren of rad ator
repar workers. Am J Ind Med. 2003;43(6):662 7.
Dykeman R, Agu ar Madrd G, Smth T, Juarez
Pérez CA, Pacte GM, Hu H, et a. Lead exposure
n Mex can rad ator repar workers. Am J Ind Med.
2002 Mar;41(3):179 87.

Landr gan PJ, Schechter CB, L pton JM, Fahs MC,
Schwartz J. Envronmenta po utants and d sease n
Amer can ch dren: Est mates of morb d ty, morta ty,
and costs for ead posonng, asthma, cancer, and
deve opmenta dsab tes. Envron Heath Perspect.
2002 Ju ;110(7):721 8.

Word Heath Organzaton (WHO). Internatona
Programme on Chem ca Safety. Lead. Sw tzer and:
WHO; 2014. D sponbe en http://www.who. nt/ pcs/
assessment/pub c_hea th/ ead/en/ [Consutadoe 16
de d c embre de 2015]

114

Rev Med nst Mex Seguro Soc 2017 55(3) 292-9



3.3. Paper Eight

Ericson, B., Dowling, R., Dey, S., Caravanos, J., Mishra, N., Fisher, S., ... & Taylor, M. P.
(2018). A meta-analysis of blood lead levels in India and the attributable burden of

disease. Environment International, 121, 461-470.

Of the studies in Chapter 3, Paper Eight most directly contributes to the aims of the Chapter.
Recent published studies (2010-2017) on BLLs in India were reviewed to calculate pooled
mean BLLs for different subgroups based on age, gender and the nature of the exposure (i.e.
occupational or non occupational). Pooled means were then used to estimate the attributable
disease burden in DALY and IQ decrement and compared with disease burden estimates
calculated elsewhere. In contrast with other papers in the chapter that model BLLs based on
environmental data, this study utilized actual BLLs collected from patients. It thus removes

some uncertainty from the overall approach.

The DALY calculations include robust sensitivity testing of model parameters. In all cases,
the DALY estimates are significantly larger than have been calculated elsewhere, underlying

the central theme of this thesis that the lead-attributable disease burden is underestimated.

The study was prepared with the involvement of the Public Health Foundation of India
(PHFI), a leading Indian public health organization. Their involvement increased the
likelihood that the study might have relevance for policy makers within India. Like the
preceding chapter, this decision was strategic in that its aims were to encourage a policy

response to mitigate exposures.
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ARTICLE INFO ABSTRACT

Handling Editor: Olga-loanna Kalantzi Multiple studies in India have found elevated blood lead levels (BLLs) in target populations. However the data

Keywords: have not yet been evaluated to understand population-wide exposure levels. We used arithmetic mean blood
Blood lead data published from 2010 to 2018 on Indian populations to calculate the average BLLs for multiple sub-
Lead groups. We then calculated the attributable disease burden in IQ decrement and Disability Adjusted Life Years
India (DALYs). Our Pubmed search yielded 1066 articles. Of these, 31 studies representing the BLLs of 5472 people in
Meta-analysis 9 states met our study criteria. Evaluating these, we found a mean BLL of 6.86 pg/dL (95% CI: 4.38-9.35) in
&A:;;mmOn children and 7.52pg/dL (95% CI: 5.28-9.76) in non-occupationally exposed adults. We calculated that these

exposures resulted in 4.9 million DALYs (95% CL 3.9-5.6) in the states we evaluated. Population-wide BLLs in
India remain elevated despite regulatory action to eliminate leaded petrol, the most significant historical source.
The estimated attributable disease burden is larger than previously calculated, particularly with regard to as-
sociated intellectual disability outcomes in children. Larger population-wide BLL studies are required to inform

future calculations. Policy responses need to be developed to mitigate the worst exposures.

1. Introduction

Lead is a naturally occurring metal with a range of industrial ap
plications and well documented adverse health effects when human
exposure occurs (ATSDR, 2007). Its widespread use has resulted in
significant contamination of natural and human environments
(Needleman, 2004; Priiss Ustiin et al., 2010). Chronic lead exposure,
even at very low levels, is associated with cognitive impairment, car
diovascular effects, anemia and low birth weight, among other adverse
health outcomes (Budtz Jgrgensen et al., 2013; Lanphear, 2015;
National Toxicology Program, 2012; United Nations Environment
Programme, 2010). Lead exposure has been associated with decreased
economic output, lower life expectancy and increased societal violence
(Demayo et al., 1982; Landrigan and Goldman, 2011; Mielke and
Zahran, 2012; Priiss Ustiin et al., 2010; Taylor et al., 2016).

The 2016 Global Burden of Disease, Injuries and Risk Factors Study

by the Institute for Health Metrics and Evaluation (IHME) estimated
that lead exposure resulted in 13.9 million Disability Adjusted Life
Years (DALYs) and 540,000 deaths in 2016 globally. The DALY metric
is used in quantifying the burden of disease and is intended to capture
morbidity and mortality attributable to a given disease or risk factor in
a population (World Health Organization, 2016). In India alone, [HME
found 4.6 million lead attributable DALYs and nearly 165,000 deaths
(IHME, 2017a).

The most significant historic source of global lead exposure was the
use of tetraethyl lead in petrol in the 20th century (Bollhdfer and
Rosman, 2001, 2000; Flegal et al.,, 1984; McConnell et al., 2015;
Schwikowski et al., 2004; Véron et al., 1999). In cities where it was
used, leaded petrol accounted for 80 to 90% of airborne lead pollution
(Lovei, 1999). High income countries began banning the use of lead in
most fuels, as well as in paints, in the 1970s, resulting in significant
declines in societal blood lead levels (BLLs) (Needleman, 2004). Leaded
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petrol was phased out in India from 1996 to 2000 and was similarly
followed by BLL declines (Singh and Singh, 2006). Nichani et al.
(2006), for instance, documented a 60% decrease in BLLs among re
sidents of Mumbai from 1997 to 2002, following the full adoption of
unleaded petrol. Similarly, Singh and Singh (2006) found a mean BLL
decrease of 33% following the leaded petrol phase out in the urban
centers of Mumbai, Chennai, Bangalore, Amritsar and Lucknow.

Despite these substantial improvements in exposure reduction,
studies conducted more than a decade after the Indian phase out of
leaded petrol continue to report elevated BLLs, often associated with
proximity to lead smelting sites (Bellinger et al., 2005; Ghose et al.,
2005; Sharma et al., 2005). Other sources of lead exposure to the Indian
public have included ayurvedic medicine, cosmetics (kohl/surma) and
contaminated foodstuffs (Goswami, 2013; Raviraja et al., 2010; Singh
et al., 2010; Singhal, 2016). In some cases these exposures have found
severely elevated levels in both occupational and non occupational
settings (Ghanwat et al., 2016; Goswami, 2013). Studies of environ
mental media have reported elevated lead concentrations in tube wells,
rivers, and soil, among other media (Borah et al., 2010; Chatham
Stephens et al., 2013; Lokhande et al., 2012). With regard to lead based
paint, India currently maintains one of the stricter global limits of
90 ppm soluble lead (UNEP, 2017). However a 2015 study that assessed
store bought cans of enamel paint found that 46% of those tested
contained > 10,000 ppm lead (Toxics Link, 2015). Additionally, some
studies have posited lead based paint as a possibly significant source of
exposure (Ahamed et al., 2009; Khan et al., 2010).

Few studies have attempted to calculate population wide mean BLLs
in low and middle income countries (LMICs), with most focusing on
discrete cohorts of exposed individuals (Olympio et al., 2017).
Caravanos et al. (2014) conducted a meta analysis of BLLs in Mexico,
finding a mean concentration of 5.36 ug/dL in urban areas after the
phase out of leaded petrol. A 2009 study of Chinese BLLs reviewed
published papers and found a mean BLL of 7.93 ng/dL for male children
and 7.69 pug/dL for female children living in urban areas (He et al.,
2009).

In this assessment we reviewed existing studies on BLLs to infer
broader conclusions about the population of a subset of India. We first
conducted a literature review and meta analysis of Indian BLLs pub
lished between 2010 and 2018. We then used the results to quantify the
disease burden in terms of IQ decrement and attributable DALYs. The
objective of this study was to quantify the potential public health im
pacts of lead exposure in India and to stimulate policies, education, and,
where appropriate, remediation of contaminated sites.

2. Methods and approach
2.1. Literature review and data selection

We conducted a PubMed search in April 2018 using the terms blood
(subheading, all fields, MeSH terms) lead (all fields, MeSH terms), and
India (all fields, MeSH terms, abstract text) between 1 January 2010
and 1 January 2018 (National Library of Medicine (US), 1946). We then
assessed each article by a the following 6 criteria: 1) the study pub
lished BLL data from human populations residing in India; 2) the study
included at least 30 participants; 3) BLL data were derived from venous,
capillary, or umbilical cord samples (bone, organ or tissue samples were
excluded); 4) the utilized data were collected after 2005; 5) the study
was published in English; 6) the study contained a statistical mean and
standard deviation (SD) or standard error (SE) for the original data set.
Articles that did not meet one or more of the above criteria were ex
cluded from the meta analysis.

2.2. Subgroup rational

The BLL data for each study were analyzed by certain demographic
categories following the literature review. Where possible samples were
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disaggregated by the following four subgroups: gender, age, urbanicity,
and occupation.

Age categories were defined using United Nations Children's Fund's
parameters outlined in the Convention on the Rights of the Child. An
individual was considered a “child” if he or she was at or below the age
of 17 at the time of the original study, and an “adult” if he or she was
identified as at or above 18 (United Nations General Assembly, 1989).
Gender was stratified into four different categories: female, male, both
and unspecified. Urbanicity was determined by a review of studies for
‘urban’ or ‘rural’ keywords. If this was not indicated in the article, the
study location was used to make this determination. The Census of
India classification of 400 people per square kilometer was used as the
threshold for an urban area (India, 2011). Finally samples were coded
as occupational if the relevant occupation substantively involved lead
and therefore a higher risk of elevated BLLs. Samples comprised of
battery recyclers for instance were coded as occupational, while studies
of teachers were coded as non occupational.

2.3. Identification and use of sample means

Where possible, the mean and SD/SE were derived for our specific
subgroups. In cases where the subgroups used by study were incon
gruous with our own, the mean and SD/SE were taken for a larger
subset, such as the study population.

If the same population was assessed multiple times, and treatment
was not provided in between assessments, the mean for all analyses was
used. In cases where the mean for all analyses could not be taken, the
most conservative value (i.e. lowest) value was used. If treatment was
provided to the patients with the intent of lowering BLLs, pre treatment
values were used.

Three studies assessed the BLLs of the same large cohort of un
treated children at different points (Palaniappan et al., 2011; Roy et al.,
2013, 2009). In this case, one study had a slightly larger sample size
than the other two and all presented similar overall results with regard
to BLLs. The study with the largest population was thus included and
the other two were excluded.

In one case, BLLs were assessed at the same point using multiple
methods having different results (Reddy et al., 2014). In this case we
selected the most conservative (i.e. lowest) value.

Some studies segregated the sample exclusively based on the results
of the BLL test (e.g. high and low subgroups). In these cases we took the
pooled BLL for the study. In one study (Ravibabu et al., 2015), the
pooled mean was not available. We therefore used both subgroups as
discrete samples. Other studies disaggregated the sample by health
outcome. Tiwari et al. (2012), for instance analyzed BLLs for three
groups of anemic women (mild, moderate, severe) and one control
group. A pooled mean was not available for the study as a whole, so we
used the means for each subgroup and presented them as discrete
samples.

Two studies, Goswami et al. (2013) and Chaudhary et al. (2017),
found exceptionally high BLLs in children. While the exposures that
result in these BLLs were not occupational they do represent an acute
scenario that is not representative of the general population, thus jus
tifying their exclusion. Goswami et al. (2013) looked at children that
apply surma (kohl) as a cosmetic, which has long been identified as an
acute source of lead exposure, and a control group of children that do
not apply surma (Ali et al., 1978; Gogte et al., 1991). In this case a study
mean was not available, so we utilized the control group and excluded
the exposed group. Chaudhary et al. (2017) assessed the BLLs of 260
children (age 6 months to 12 years) attending the pediatrics outpatient
department at a hospital in Lucknow, Uttar Pradesh. The study reported
a mean BLL of 55.7 pg/dL (SD: 227.38). We were unable to identify a
comparably high value of a general population in the literature. Other
studies in Lucknow have found much lower levels. Ahamed et al. (2011)
assessed the BLLs of 68 children (age 3 12 years) in Lucknow, finding
BLLs of 4.23 9.86ug/dL. An earlier study by the same authors
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evaluated 200 children (age 3 12 years) finding a mean BLL of 9.3 ug/
dL (range: 1.0 27.9 pg/dL) (Ahamed et al., 2009). A separate study of
study of 500 pregnant women in 1996 before the phase out of leaded
petrol found an average BLL of 14.3 pg/dL (Awasthi et al., 1996). In
addition to being significantly higher than other studies of Lucknow
populations, the BLLs identified by Chaudhary et al. (2017) are in
consistent with the other studies we assessed from elsewhere in the
country. The next highest BLL for a sample of children was 11.8 ug/dL,
while half of the studies of occupationally exposed adults found lower
mean BLLs. Thus this study was assumed to represent an acute exposure
and was excluded from the pooled studies of children's BLLs.

The following data were extracted for each identified sample: study
authors; publication date; sex of sample; state of India; age category
(adult/child); urbanicity; arithmetic mean BLL; subgroup rationale (e.g.
surma users, mechanics); number of participants; SD or SE; age if
children.

2.4. Meta analysis of BLLs

We pooled the arithmetic mean BLLs from each study using a
Random Effects (RE) meta analysis model. Meta analyses are typically
conducted using either an RE or Fixed Effects (FE) model. Fixed effects
models are concerned with within study variability only and do not
account for variability between studies. An FE model is appropriate
when the effect size for all studies is assumed to have one true value and
any variance that occurs is due to sampling error (Borenstein et al.,
2010). Random effects models, by contrast, assume that studies re
present a random sampling of different populations within a larger
‘super’ population (DerSimonian and Kacker, 2007; Hedges, 1992).
Thus in an RE model variance observed in the evaluated studies is as
sumed to be due in part to true variance between the sampled groups
(Borenstein et al., 2010). Effectively this method weights each sample's
effect size by its inverse variance in pooling effect sizes and confidence
intervals.

In the present effort we evaluated studies drawn from discrete po
pulations across India; each with different lifestyles and exposure sce
narios. We therefore assumed that variance reflected in the samples was
due, at least in part, to true differences in mean BLL concentrations.
Accordingly we took the mean BLL and standard error from each
sample and pooled them using a RE model. We used the metan tool in
Stata 15.1 for the analysis (StataCorp. LP, 2017). The metan tool uti
lizes the DerSimonian and Laird method (1986) for RE and a method
taken from Mantel and Haenszel (1959) to assess heterogeneity (Sterne,
2009). In addition to a pooled effect size and confidence intervals, the
metan tool generates q, 12, and tau® statistics. We present these in the
relevant figures below. In all but one of our evaluated subgroups the p
value of the q statistic is below 0.000, confirming heterogeneity and
further indicating that an RE model was appropriate.

2.5. Calculating IQ decrement

We calculated IQ decrement resulting from pediatric lead exposure
using the log linear model described in Budtz Jgrgensen et al. (2013).
The authors used internationally pooled data from seven cohorts of
children to calculate a benchmark dose of 0.1 1.0 pg/dL for the loss of a
single IQ point. Budtz Jgrgensen et al. (2013) re evaluated the data and
approach of Lanphear et al.'s (2005) study of low level environmental
lead exposure (defined as < 7.5ug/dL) and its impact on the devel
oping brain. The cohorts used in both studies are comprised of school
age children (age 5 10 years) with chronically elevated BLLs. Verbal
and performance tests were conducted to determine the extent of in
tellectual impairment and those results are compared with BLL mea
surements from the following four periods: early childhood (age
6 24 months); average lifetime; maximum lifetime; and concurrent (at
the time of the IQ test). Lanphear et al. (2005) found that concurrent
BLL measurements had the strongest relationship with IQ decrement.
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Budtz Jorgensen et al. (2013) accordingly applied concurrent geo
metric mean BLLs to both log linear and two piece linear models, and
found the log linear to be the best fit. Here, we used the log linear
model presented and input the arithmetic mean BLL for the subgroup
children in India to determine IQ points lost for children age 10 years
and under.

2.6. Calculating DALYs

We used the meta analysis results for non occupationally exposed
adults and children to calculate DALYs. DALYs are a metric intended to
represent the disease burden in a given population and the relative
contribution of disparate health outcomes to it. They are the sum of two
other metrics, Years of Life Lost (YLL) and Years Lived with Disability
(YLD). YLL represents early attributable mortality while YLD represents
the severity and duration of a given health outcome (World Health
Organization, 2016). DALYs are employed most notably by the World
Health Organization (WHO) and IHME in their respective periodic
global burden of disease reports (Forouzanfar et al., 2016; World Health
Organization, 2016).

Lead exposure results in a number of quantifiable adverse health
outcomes, however methods for integrating those outcomes into DALY
calculations, as with other chemical exposures, are somewhat limited
(Grandjean and Bellanger, 2017). We therefore calculated DALYs for
two sequelae only: cardiovascular disease (CVD) and intellectual dis
ability. We followed the approach outlined by FEricson et al. (2016,
2018a) and described below. DALY calculations for both sequelae uti
lized the total population of the all states where the individual studies
were conducted.

To calculate DALYs resulting from cardiovascular disease in 2013
we used a prevalence rate calculator developed by the WHO for BLLs
(Fewtrell et al., 2003). The calculator requires the geometric mean BLL
and standard deviation for a given population to determine the lead
attributable fraction of CVD in that population. Values are returned for
four classifications of CVD: ischemic, cerebrovascular, hypertensive,
and other heart diseases. In the absence of a population wide geometric
mean, we input the pooled arithmetic mean and standard deviation for
non occupational exposures for adults to determine the attributable
fraction for each case. We then applied these attributable fractions to
the most recent (2013) WHO CVD DALY estimates for India to de
termine the number of DALYs and deaths attributable to lead exposure
(WHO, 2014). We further proportionately reduced the national number
of DALYs for India to the population of those states from which studies
were drawn.

To calculate DALYs resulting from lead induced intellectual dis
ability in 2012 we used the WHO calculator described above to de
termine a prevalence of Mild Mental Retardation (MMR) in a given
population of 0 4 year olds with a given geometric mean BLL. We again
input the arithmetic mean and standard deviation for children in our
study (all non occupational). As above, we used the total population of
the states where studies were conducted rather the national population
to develop our estimates.

The WHO calculator was developed in 2003 and uses the now an
tiquated classification of MMR and its associated disability weight.
These values have since been revised to more accurately capture a
gradient of intellectual disability. While MMR was previously quanti
fied with a disability weight of 0.361, the revised disability weights for
intellectual disability are as follows: borderline (0.0034), mild
(0.1270), moderate (0.30), severe (0.3830) and profound (0.4440) in
tellectual disability (Colin et al., 2004; WHO, 2013). To determine the
proportional composition of these subgroups, we assumed MMR was
analogous to mild intellectual disability and calculated the prevalence
of the remaining subgroups by extrapolating from that value. To do so,
we used relative proportions provided by the WHO (2013). We then
determined the number of DALYs attributable to each sequalae using
the following equation:
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Table 1
Mean values and relevant statistics of Indian blood lead levels by subgroup.
Subgroup Number of samples Mean BLL (ug/dL) LCI ucI CHI? p 2 TAU?
Occupational adults
Female N/A N/A N/A N/A N/A N/A N/A
Male 14 48.65 38.74 58.56 12,593.47 0.000 99.9% 336.62
Non occupational
Adult female 9 4.32 3.41 5.23 413.71 0.000 98.1% 1.62
Adult male 8 7.23 4.52 9.94 375.19 0.000 98.1% 14.66
All adults 28 7.52 5.28 9.76 29,841.92 0.000 99.9% 23.21
Unspecified 3 9.62 6.25 12.96 17.13 0.000 88.3% 7.54
Children 17 6.86 4.38 9.35 7135.25 0.000 99.8% 26.89
Urban adults 19 6.69 4.89 8.48 5642.36 0.000 99.7% 15.50
Rural adults 1 10.90 9.34 12.46 0.00 N/A N/A N/A
Urban children 16 6.92 4.35 9.50 7051.37 0.010 99.8% 27.19
Rural children 1 5.90 4.82 6.98 0.00 N/A N/A N/A

YLD = DW X p

where:

p = prevalence
DW = disability weight

Adapted from WHO (2013).
2.7. Sensitivity analysis

To assess the sensitivity of the meta analysis, we employed two
distinct approaches. In the first we simply ran the analysis using a FE
model (Bown and Sutton, 2010). In the second we utilized “leave one
out” cross validation. In this approach, we ran the RE model succes
sively removing a single study from the sample in each run (Arlot and
Celisse, 2010). We took the squared error for each run (actual minus
predicted value) and calculated the mean squared error for all runs.

To assess the sensitivity of the DALY model parameters, we calcu
lated DALYs using IHME disability weights for intellectual disability. In
our study we utilized the following WHO weights: borderline (0.0034),
mild (0.1270), moderate (0.30), severe (0.3830) and profound (0.4440)
(WHO, 2013). In our sensitivity analysis we used the following IHME
weights: borderline (0.011), mild (0.043), moderate (N/A), severe
(0.16) and profound (0.2) (Global Burden of Disease Collaborative
Network, 2017).

3. Results
3.1. Results

Our PubMed search yielded 1066 studies. Of these 979 did not
contain BLL data on human populations within India and were ex
cluded. A further 56 studies did not meet one or more of the remaining
criteria and were excluded. The remaining 31 studies contained 67
samples for use in our study (marked with an asterisk in the references).
The 67 samples represented a population of 5472 people in 9 different
Indian states (Andhra Pradesh, Karnataka, Maharashtra, Punjab,
Rajasthan, Tamil Nadu, Telangana, Uttar Pradesh, and West Bengal).
These states had an approximate population of 717 million people re
presenting 56% of India's national population in 2011 (India, 2011).

3.2. Blood lead levels

Seventeen of the 67 samples were comprised of children re
presenting 2009 individuals in 6 different states. These states had an
estimated population of 560,190,596 at the time of the most recent
census (India, 2011). All childhood exposures were identified as non
occupational. The samples utilized in this study were normally dis
tributed as assessed with the Shapiro Wilk test (p > 0.6). The pooled
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arithmetic mean for all children was 6.86 pg/dL (95% CI: 4.38 9.35).

All children in all studies were < 14years of age. Most studies
included age ranges covering multiple years and provided limited detail
on the composition of the those groups. Thus, a mean age for the study
population could not be determined. Of those children included in the
samples, at least 24% (n = 486) were <2years of age, at least 66%
(n = 1318) were <7years of age, at least 80% (n = 1618) were
<10years of age, and at least 90% (n = 1814) were <12 years of age.
Samples comprised exclusively of children <2 years of age had a mean
BLL of 8.49 pg/dL (95% CI: 6.18 10.8), those <7 years of age had a
mean BLL of 6.9 ug/dL (95% CI: 2.70 10.67), those <10 years of age
had mean BLL of 6.52 ug/dL (95% CI: 3.24 9.8), and those <12 years
of age had a mean BLL of 6.73 pg/dL (95% CI: 4.17 9.28). It therefore
appears that a younger age was associated with a higher BLL, though
given the lack of specificity in the data this observation cannot be
properly evaluated.

A forest plot of all samples of children is presented as Fig. 2. Mean
BLLs and related statistics (confidence interval, p value, g, I, and tau?)
for subgroups are presented below in Table 1. A forest plot of all
samples and studies used in the analysis are presented in Fig. 1.

Fifty of the samples were comprised of adults representing 3463
individuals in nine states. These states had an estimated population of
717,577,668 at the time of the most recent census (India, 2011). Of
these 22 samples were made up of 1499 individuals with occupational
exposures, while the balance (n = 28) were comprised of 1964 in
dividuals with non occupational exposures. The pooled arithmetic
mean for non occupationally exposed adults in the study was 7.52 ug/
dL (95% CI: 5.28 9.76). The samples utilized were normally distributed
as assessed with the Shapiro Wilk test (p > 0.05). A forest plot of all
samples of adults used in the analysis is presented as Fig. 3.

With regard to subgroups, occupationally exposed adults had sig
nificantly higher BLLs than any other group. Fourteen samples (all men)
represented individuals from this group and had a mean BLL of
48.65 png/dL (95% CI: 38.74 58.56). By contrast mean BLLs for all other
subgroups ranged from 4.32 to 10.9 ug/dL.

3.3. IQ decrement

Within the study population, children had an arithmetic mean BLL
of 6.86ug/dL (95% CI: 4.38 9.35). Using the log linear model de
scribed in Budtz Jgrgensen et al. (2013) we determined that this BLL
would result in an average decrement of 4 IQ points (95% CI: 2.5 4.7)
for children under age 10.

3.4. Disability Adjusted Life Years (DALYs)

We calculated that cardiovascular disease attributable to lead ex
posure resulted in 2.7 million DALYs (95% CIL: 2.3 3) in 2012 in the 9
states we reviewed. We further found that intellectual disability in
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Mean BLL
Author Year n SE Occupation State (wg/dL) (95% CI)
Khan, et al 2010 30 0.18 Nonoccupational Uttar Pradesh |@ 2.84 (2.50, 3.18)
Khan, et al 2010 30 1.17  Occupational Uttar Pradesh > 21.56 (19.286, 23.86)
Mishra, et al 2010 21 0.44 Nonoccupational Uttar Pradesh | @ 4.50 (3.64,
Mishra, et al 2010 26 0.88 Nonoccupational Uttar Pradesh * 6.70 {4.97, 8.43)
Mishra, et al, 2010 33 17.93 Occupational Uttar Pradesh ¥ 132.00 (96.86, 167.14)
Reddy, et al, 2010 195 0.86 N pational g * 11.80 (10.12, 13.48)
Ahamed, et al, 2011 17 0.30 Nonoccupational Uttar Pradesh | @ 4.23(3.65, 4.81)
Ahamed, et al 2011 51 029 Nonoccupational Uttar Pradesh L 4 9.86 {9,30, 1042)
Dongre, et al, 2011 30 1,06 Nonoccupational Karnataka > 10.20 (8,12, 12.28)
Dongre, et al, 2011 30 4,24 Occupational Karnataka —_—— 4737 (39,08, 55,68)
Jangid, et al 2011 217 081 Nonoccupational Rajasthan * 15,56 (13,98, 17.14)
Patel, et al, 2011 200 065 N pational Mah * 10,15 (8,88, 11.41)
Jangid, et al 2012 67 1.33 Nonoccupational asthan > 11,55 (8,95, 14.15)
Palaneeswari, et al 2012 50 0.24 Nonoccupational Tami Nadu * 7.32 (6.886, 7.78)
Palaneeswari, et al 2012 50 0.17 Nonoccupational Tami Nadu * 14.00 (13.67, 14.33)
Tiwari, et al. 2012 50 0.12 Nonoccupational Uttar Pradesh k 1.84 (1.60, 2.08)
Tiwari, et al 2012 50 0.13 Nonoccupational Uttar Pradesh 1.98 (1.73, 2.23)
Tiwari, et al 2012 50 0.11 Nonoccupational Uttar Pradesh | 2.61 (2.39, 2.83)
Tiwari, et al 2012 25 0.17 Nonoccupational Uttar Pradesh |@ 3.62 (3.29,
Vani, et al 2012 120 1.24 N ional  Tel: - 5.10 (2.67, 7.53)
Vani, et al 2012 40 324 O Tel —— 56.12 (49.77, 62.47)
Vani, et al 2012 40 432 Tel —— 6358 (56.11,72.05)
Vani, et aL 2012 40 7.89 Tel —  77.17 (61.71,92.63)
Dongre, et al. 2013 30 1.06 U 10.20 (8.12, 12.28)
Dongre, et al. 2013 30 3.69 Uy —— 58.37 (51.14, 65.60)
Dongre, et al 2013 30 2.81 L —— 62.52 (57.01, 68.03)
Dongre, et al 2013 30 3.38 —$—  65.50 (58.88, 72.12)
Goswami, et al, 2013 24 0.16 4.90 (4.58, 5.22)
Kalra, et al 2013 200 0.23 4.10 (3.66, 4.54)
Kalra, et al 2013 100 0.41 7.60 (6.80, 8.40)
Roy, et al 2013 708 0.20 11.60 (11.20, 12.00)
Singh, et al 2013 30 0.35 65.43 (4.74, 6.12)
Singh, et al 2013 30 3.36 —— 67.17 (50.59, 63.75)
Chinde, et al. 2014 200 0.07 6.71 (6.58, 6.84)
Chinde, et al. 2014 200 0.29 L 30.10 (29.63, 30.67)
Kalahasthi, et aL 2014 391 0.58 * 27.60 (26.47, 28.73)
Mazumdar and Goswami 2014 42  0.49 1230 (11.33, 13.27)
Mazumdar and Goswami 2014 47 0.95 L J 59.60 (57.74, 61.46)
Mohan, et al. 2014 226 0.33 10.30 (9.65, 10.95)
Pratinidhi, et al. 2014 30 047 520 (4.27, 6.13)
Pratinidhi, et al. 2014 30 117 8.60 (6.31, 10.89)
Reddy, et 2014 30 0.55 5.90 (4.82, 6.98)
Reddy, et al. 2014 30 0.94 7.50 (5.686, 9.34)
Reddy, et al. 2014 30 0.80 10.90 (9.34, 12
Reddy, et al. 2014 30 1.49 16.10 (13.19, 19.01)
Sharma, et al 2014 50 0.03 0.12 {0.06, 0.18)
Sharma, et al 2014 50 0.13 1.04 (0.79, 1.29)
Sharma, et al 2014 50 0.50 3.09 (2.11, 4.07)
Sharma, et al 2014 50 0.70 3.51 (2.14, 4.88]
Chambial, et aL 2015 20 0.83 6.18 {4.56, 7.80)
Chambial, et aL 2015 29 058 7.64 (8.51,8.77)
Ghanwat, et al. 2015 38 053 Occup 521 (4.17,
Ghanwat, et al. 2015 43 148 pati - 59.93 (57.07, 62.79)
Ravibabu, et al 2015 33 059 Occupational Tamil Nadu * 19.60 (18.44, 20.76)
Ravibabu, et al 2015 113 0.60 Occupational Tamil Nadu * 36.90 (35.72, 38.08)
Singh, et aL 2015 35 1,72 Nonoccupational Punjab = 5.30 (1,93, 8.67)
Singh, et aL 2015 33 3,77 Occupational Punjab —_—— 41,44 (34,05, 48,83)
Ghanwat, et al 2016 36 1,07 Occupational Maharash * 63,25 (61.16, 65.34)
Lokesh, et aL 2016 40 3,90 Nonoccupational Andhra Pradesh s 4,35 (-3.30, 12.00)
Lokesh, et aL. 2016 40 579 pational  Andhra Pradesh j=é 6.86 (-4.49, 18,21)
Subrahmanyam 2016 737 0,01 Nonoccupational Andhra Pradesh * 11,29 (11.28, 11,30)
Bansal, et al, 2017 34 052 Nonoccupational Delhi * 2.89 (1.87, 3.91)
Bansal, et al 2017 34 1,43 Nonoccupational Delhi - 9.20 (6,41, 11.99)
Wani, et al. 2017 8 0.56  Nonoccupational Uttar Pradesh |4 348 )
Wani, et al. 2017 15 0.64 Occupational Uttar Pradesh * 10.44 (9.19, 11.69)
Wani, et al, 2017 7 0.88  Nonoccupational Uttar Pradesh * 17.78 (16.05, 19.51)
Wani, et al. 2017 17 1.28  Occupational Uttar Pradesh - 53.48 (50.97, 55.99)

11 | | |
0510 25 50 75

Fig. 1. Forest plot of all samples and studies used in the analysis.

children (age 0 4years) attributable to lead exposure resulted in 2.2
million DALYs (95% CI: 1.6 2.6) in the same year in the 6 states we
reviewed. Altogether we calculate 4.9 million DALYs (95% CI: 3.9 5.6)
attributable to lead exposure in the geography we reviewed in 2012.
Tables 2 4 summarize attributable DALYs by sequelae and calculated
BLLs.

3.5. Results of the sensitivity analysis

Conducting the analysis with an FE model yielded a mean BLL of
0.87 pg/dL (95% CI: 0.81 0.93) in children and a mean BLL of
11.18pg/dL (95% CIL: 11.17 11.2) in non occupationally exposed
adults. In the case of children, a single study with both a low mean BLL
(0.12pg/dL) and a low standard error (0.126) disproportionately in
fluenced the effect size with a weighting of 88.92%. Similarly in non
occupationally exposed adults, a single study with a mean BLL of
11.29 pg/dL and low standard error (0.0058) received a weighting of
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98.58%. The RE method used here accounts for heterogeneity between
samples, while the FE model does not. Thus to some extent our ap
proach mitigates this issue.

Using the leave one out approach, we found that children's BLLs
ranged from 6.55 7.26 pg/dL and had a mean squared error of 0.042.
With regard to adults, we found that BLLs ranged from 7.13 7.77 pg/dL
and had a mean squared error of 0.031.

Replacing the WHO disability weights with those used by IHME, we
calculated 695,068 DALYs (95% CI: 522,191 822,872) for children in
our geographic subgroup in 2012, indicating that disability weighting
has a significant influence over the results.

4. Discussion
Our analysis of studies of BLLs from a geographic subgroup within

India found that 4.9 million DALYs (95% CI: 3.9 5.6) were attributable
to lead exposure in 2012. This is somewhat greater than the disease
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Mean BLL %
Author Year n SE State (ng/dL) (95% CI) Weight
Reddy, et al. 2010 195 0.86 Telangana i —_— 11.80 (10.12, 13.48) 5.81
Ahamed, etal, 2011 17 0.30 Uttar Pradesh - | 4,23 (3.65, 4.81) 5.95
Ahamed, etal. 2011 51 0.29 Uttar Pradesh| i - 9.86 (9.30, 10.42) 5.95
Patel, etal, 2011 200 0.65 Maharashtra § —— 10,15 (8.8, 11.41) 5.88
Goswami, etal. 2013 24 0.16 West Bengal - i 4.90 (4.58, 5.22) 5.96
Kalra, et al. 2013 200 023 Delhi - | 4.10 (3.66,4.54) 596
Kalra, et al. 2013 100 0.41 Delni ‘:-0- 7.60 (6.80, 8.40) 5.93
Roy, et al, 2013 708 0.20 Tamil Nadu | - 11,60 (11.20, 12.00) 5.96
Mohan, et al. 2014 226 0.33 Tamil Nadu i - 10.30 (9.65, 10.95) 5.95
Pratinidhi, etal, 2014 30 0.47 Maharashtra — 5.20 (4.27, 6.13) 5.92
Pratinidhi, et al. 2014 30 1.17 Maharashtra —%—0— 8.60(6.31,10.89) 5.68
Reddy, etal. 2014 30 0.55 Telangana —— 5.90 (4.82, 6.98) 5.90
Reddy, et al. 2014 30 0.94 Telangana —:'0— 7.50 (5.66, 9.34) 5.78
Sharma, etal. 2014 50 0.03 Delhi » i 0.12 (0.06, 0.18) 5.97
Sharma, etal. 2014 50 0.50 Delhi — i 3.09 (2.11, 4.07) 5.92
Bansal,etal. 2017 34 0.52 Delni —— ! 2.89(1.87,391) 591
Bansal, et al. 2017 34 1.43 Delni — 9.20 (6.41, 11.99) 5.55
Overall (l-squared = 99.8%, p = 0.000) <> 6.86 (4.38, 9.35) 100.00
|
NOTE: Weights are from random effects analysis :
0 é 6.|86 1I0 1I5

Fig. 2. Forest plot of all samples of children used in the analysis.

Mean BLL %
Author Year n SE  State {ug/dL) (85% CI) Weight
Khan, et al. 2010 30 0.18 Uttar Pradesh * | 2.84 (2,50, 3.18) 3.73
Mishra, et aL 2010 21 0.44 Uttar Pradesh - : 4.50 (3.64, 5.36) 3.72
Mishra, et al 2010 26 0.88 Uttar Pradesh —— 6.70 (4.97, 8.43) 3.65
Dongre, et al 2011 30 1.06 Kamataka | —— 1020 (8.12,12.28)  3.62
Jangid, et al. 2011 217 0.81 Rajasthan : —_— 15.56 (13.98, 17.14) 3.67
Jangid, et al. 2012 67 1.33 Rajasthan : —_—— 11.55 (8.95, 14.15)  3.56
Palaneeswari, et al. 2012 50 0,24 Tamil Nadu - 7.32 (6,86, 7.78) 3.73
Palaneeswari, et al. 2012 50 0.17 Tamil Nadu : * 14.00 (13.67, 14.33) 3.73
Tiwari, et al 2012 50 0.12 Uttar Pradesh * : 1.84 (1.60, 2.08) 3.74
Tiwari, et al 2012 50 0.13 Uttar Pradesh * | 1.88(1.73,223) 3.73
Tiwari, et al 2012 50 0.11 Uttar Pradesh . ! 261 (239, 2.83) 3.74
Tiwari, et al 2012 25 0.17 Uttar Pradesh * : 3.62 (3.29, 3.95) 3.73
Vanli, et al. 2012 120 1.24 Telangana —— 5.10 (2.67, 7.53) 3.58
Dongre, et aL 2013 30 1.06 Unspecified : —_—— 1020 (8.12, 12.28) 3.62
Singh, et al. 2013 30 0.35 Punjab - : 5.43 (4.74,6.12) 3.72
Mazumdar and Goswami 2014 42  0.49 West Bengal 1 - 1230 (11.33,13.27) 3.71
Reddy, et aL 2014 30 0.80 Telangana : —— 10.90 (9.34, 12.48) 3.67
Reddy, et al 2014 30 1,49 Telangana : ——— 16,10(13.19, 19,01) 3.51
Sharma, et al. 2014 50 0.13 Dehi * 1 1.04 (0.79, 1.29) 3.73
Sharma, et al. 2014 50 070 Dehi —— | 3.51 (2.14, 4.88) 3.69
Chambial, et al. 2015 20 0.83 Rajasthan —0—1- 6.18 (4.56, 7.80) 3.66
Chambial, et al. 2015 29 0.58 Rajasthan —IQ— 7.64 (6.51,8.77) 3.70
Singh, et al, 2015 35 1,72 Punjab —_— 5,30 (1,93, 8.67) 344
Lokesh, et al. 2016 40 3.90 Andhra Pradesh (—0—% 4.35 (-3.30, 12.00) 260
Lokesh, et al. 2016 40 5.79 Andhra Pradesh +* : 6.86 (4.49, 18.21) 1.90
Subrahmanyam 2016 737 0.01 Andhra Pradesh 1 * 11.29 (11.28, 11.30) 3.74
Wani, et al. 2017 8  0.56 Uttar Pradesh - : 3.48 (239, 4.57) 3.70
Wani, et al. 2017 7 0.88 Uttar Pradesh ! —e— 17.78 (16,05, 19.51) 3.66
Overall (I-squared = 99,9%, p = 0,000) ¢ 7.52 (5.28, 9.76) 100,00
NOTE: Weights are from random effects analysis :
T T T

Fig. 3. Forest plot of all samples of non-occupationally exposed adults used in the analysis.
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DALYs from cardiovascular disease attributable to lead exposure in 9 Indian states in 2012.

Hypertension Ischemic Cerebrovascular Other CVD Total DALYs (CVD)
Pooled mean (7.52 pug/dL) 93,082 1,146,922 1,199,438 286,028 2,725,470
LCI (5.28 ug/dL) 79,573 983,168 1,033,822 244,882 2,341,444
UCI (9.75 pg/dL) 103,241 1,269,450 1,322,146 316,886 3,011,723

Table 3

DALYs from intellectual disability attributable to pediatric lead exposure in 6 Indian states in 2012.

Borderline Mild Moderate Severe Profound Total DALYS (intellectual disability)
Pooled mean (6.86 ug/dL) 19,935 913,231 777,933 338,963 147,356 2,197,418
LCI (4.38 pg/dL) 14,973 685,936 584,312 254,598 110,680 1,650,500
UCI (9.35 pg/dL) 23,599 1,081,053 920,892 401,253 174,435 2,601,233

Table 4
Calculated DALYs (all sequalae) attributable to lead exposures in the reviewed
states in India in 2012.

Total DALYs Total DALYS Total DALYs (all

(CVD) (intellectual disability) sequalae)

Pooled 2,725,470 2,197,418 4,922,889
mean

LCI 2,341,444 1,650,500 3,991,944

ucI 3,011,723 2,601,233 5,612,955

burden calculated by IHME of 4.6 million DALYs (95% CI: 2.9 6.5) for
the country as a whole in 2016 (IHME, 2017b). The discrepancy is most
pronounced in children (age 0 4years) who accounted for 33,264
DALYs (95% CI: 12,428 33,264) in IHME's analysis. In the 6 states
included in our review of children's BLLs we found this group incurred
more than 2.2 million DALYs (95% CI: 1.6 2.6). This discrepancy is in
part due to differences in how IHME weights sequelae related to in
tellectual disability and how we do so here. In our sensitivity analysis
we calculated DALYs using the IHME weights, finding 695,068 DALYs
(95% CI: 522,191 822,872). Thus while disability weighting sig
nificantly influences the results, it alone insufficiently accounts for the
discrepancy.

Looking at ages 15 years and above only, IHME calculates 4.3 mil
lion DALYs (95% CI: 2.6 6.3) attributable to lead exposure compared
with the 2.7 million DALYs (95% CIL: 2.3 3) found by this study. The 9
states covered by this study represent approximately 56% of the na
tional population. Scaling IHME's values to a population of comparable
size results in 2.4 million DALYs (95% CI: 1.4 3.5). Thus the results are
similar for adults.

It is possible that the 2016 IHME GBD report underestimates the
pediatric disease burden from lead exposure in India. In this study, we
calculated a mean BLL of 6.86 pg/dL (95% CI: 4.38 9.35) for all chil
dren in our geographic subgroup. We further calculated that, using our
method, a national mean BLL of < 1 pg/dL would be required to arrive
at the 33,264 DALYs (95% CL: 12,428 61,466) estimated by IHME for
2016. While this value has been achieved in the United States, it would
seem inconsistent with the recent blood lead exposure data examined
here (Center for Health Statistics, 2017).

In the 2004 WHO global burden of disease estimate, average BLLs of
7.4 ug/dL for children and 9.8 pug/dL for adults were used to calculate
the attributable burden (Priiss Ustiin et al., 2010). The researchers
found a prevalence of 5.5 cases of MMR per 1000 population attribu
table to lead exposure based on these estimates. This is somewhat less
than we found in the present effort (~13 cases of MMR per 1000)
however significantly more than the ~0.27 per 1000 prevalence that
would be required to reach the 33,264 DALYs calculated by IHME
(using our method). Few other studies have calculated the disease
burden of chemicals either globally or on a national level for India
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(Chatham Stephens et al., 2013; Priiss Ustiin et al., 2011). Therefore,
there is a limited basis for assessing the relative accuracy of the esti
mates provided here and by WHO or IHME. Given the robust literature
on the adverse effects of lead on neurological development and the
likely elevated BLLs in children in India, the topic could clearly benefit
from further study.

A 2015 study by lyer et al. reports on the blood lead analysis of
222,668 individuals from multiple states in India. The study provides
limited statistical information and was therefore not included in the
present analysis. Specifically, neither SD nor SE was included with the
sample mean. However given the exceptionally large sample size, the
study provides useful context for our results. For children under 2 years
of age (n = 119), the authors find a mean BLL of 4.91 ng/dL and for
children 2 10years of age (n = 688) the authors find a mean BLL of
4.2 ug/dL. In adults (n = 219,303), the authors find mean BLLs of dif
ferent age groups ranging from 4.24 4.95 ug/dL. In all cases, the values
reported by Iyer et al. (2015) are somewhat lower than our results. Of
particular interest are the geographic differences in BLLs identified by
Iyer et al. (2015). For instance, the authors define a ‘high’ BLL as 15 pg/
dL and provide the percentage of blood samples from each state that
exceed this threshold. In two states, Maharashtra and Bihar, this per
centage exceeds 10, while in Gujarat it is 2.5. This indicates that sig
nificant differences in BLLs exist between states. Further review of the
vast dataset utilized by Iyer et al. (2015) to better understand these
differences could greatly benefit other researchers.

4.1. Contemporary sources of lead contamination

A number of possible environmental sources of lead exposure are
present in India, including ayurvedic medicine, contaminated food and
cosmetics (Goswami, 2013; Raviraja et al., 2010; Singh et al., 2010).
Lead contamination as a food safety issue was recently brought to the
fore when supplies of a popular noodle product, Maggi, were found to
have elevated concentrations of lead (Singhal, 2016). Additionally,
lead based enamel paint evidently remains widely available (Toxics
Link, 2015).

Eighty five percent of global lead production is used in the manu
facture of storage, lighting and ignition (SLI), or lead acid, batteries
(International Lead Association, 2016). In India 700 750,000 me
tric tons of lead are recycled each year with perhaps 50% being recycled
in the informal sector (Ericson et al.,, 2016; Pugazhenthy, 2017).
Widespread informal used lead acid battery (ULAB) recycling is perhaps
due in part to the confluence of a large informal economy and increased
car ownership. Approximately 21% of India's GDP is generated in the
informal sector while the number of automobiles in India nearly tripled
from 55 million to 159.5 million from 2001 to 2012 (Schneider et al.,
2010; Shukla et al., 2015).

Informal ULAB recycling is a prominent source of lead exposure in
LMICs where primitive operations of unregulated backyard smelters
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cause widespread contamination (Daniell et al., 2015; Ericson et al.,
2018a, b, 2016; Haefliger et al., 2009; Prajapati, 2016). One well
documented example of an extreme case of poisoning resulting from
informal ULAB recycling was the deaths of 18 children in Senegal
linked to informal battery smelting (Haefliger et al., 2009). Informal
smelters are by definition illegal, and are accordingly particularly vul
nerable to regulatory intervention. In response, these low cost opera
tions are often operated intermittently at different locations in different
neighborhoods, resulting in the creation of new hotspots of con
tamination (Shen et al., 2016). Due to lead's low mobility in the en
vironment, contamination hotspots are likely to pose a risk indefinitely
without remediation (Kabala and Singh, 2001). Lead deposited from
smelters and other sources, such as leaded petrol, in surface soils is
readily re suspended as dust, presenting an ongoing exposure risk
(Laidlaw et al., 2012).

In addition to lead contamination, smelting operations can generate
elevated concentrations of other toxic trace metals including arsenic,
cadmium and mercury (Roussel et al., 2010; Stafilov et al., 2010). There
are limited published studies detailing effective approaches to miti
gating the health risks posed at informal ULAB sites. One recent ex
ample from Vietnam describes the construction of an industrial zone for
informal workers located 1 km from residential areas. The relocation,
coupled with community education and soil lead abatement work, re
sulted in median BLL declines of 67% in children (< 6 years of age)
within one year of the intervention (Ericson et al., 2018b).

In India, the product life cycle of lead acid batteries is regulated
under India's Batteries Management and Handling Rules of 2001, amended
in 2010 (Ministry of Environment and Forests (India), 2001, 2010). The
Rules create a deposit refund system in which retailers collect used
lead acid batteries from consumers when they purchase new batteries
and offer a rebate for the new purchase. ULABs in turn are required to
be sold only to registered recyclers, who transport, handle and recycle
the used batteries responsibly. Despite this existing legislation, informal
(unregulated) ULAB recycling is widespread. One study found that
among major battery manufacturers, few were able to collect > 40% of
the used batteries they had produced (Prajapati, 2016).

4.2. Study limitations

The study is most significantly limited by its reliance on a relatively
small number of studies (n = 31). As a result, values are inferred for a
population of 717 million from the BLL results of only 3973 non oc
cupationally exposed people. Future studies might endeavor to collect
more comprehensive biological data from a more representative cross
section of the country. It should be noted that the US National Health
and Nutrition Examination Survey (NHANES) is slightly larger in size,
with data collected from approximately 5000 individuals annually, and
done with the specific intention of inferring results for the population as
a whole (Center for Health Statistics, 2017).

A second limitation is our reliance on an older method for calcu
lating the attributable disease burden. The prevalence rate calculator
we used was developed by WHO in 2003 and has been validated,
though to the best of the authors' knowledge has not been modified in
the intervening years. Significantly, the WHO calculator estimates the
prevalence of MMR using an older linear IQ decrement model devel
oped by Schwartz (Schwartz, 1994). Replacing those values with the
more recent Budtz Jgrgensen et al. (2013) log linear model would
likely result in a higher estimate of the prevalence of intellectual dis
ability, and thus a higher disease burden (Ericson et al., 2018a). We do
not endeavor to do so here.

5. Conclusion
Population wide BLLs in India remain elevated despite regulatory

action to mitigate the most significant sources. The attributable disease
burden may be larger than previously calculated, particularly with
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regard to intellectual disability in children. Larger population wide BLL
studies are required to inform future calculations. Major traditional
sources of lead exposure based on leaded petrol emissions and de
positions are insufficient to account for the results here. Therefore, the
attributable portion of disease associated with lead exposure must in
volve other sources, with the most likely suspect being ULAB proces
sing. Lead exposure can result in a number of lifelong outcomes with
adverse implications for individuals as well as the broader society.
Consequently, there are clear societal benefits that could be accrued
from more targeted investment in remediation, mitigation and policy
development to mitigate the worst exposures.
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3.4. Paper Nine

Caravanos, J., Carrelli, J., Dowling, R., Pavilonis, B., Ericson, B., & Fuller, R. (2016).
Burden of disease resulting from lead exposure at toxic waste sites in Argentina, Mexico and
Uruguay. Environmental Health, 15(1), 72.

This study relied on data collected on hazardous waste sites in Latin America as part of an
international risk assessment program managed by Pure Earth. This study, which focused
exclusively on lead exposures, was the most recent in a series of papers that calculated the
disease burden attributable to hazardous waste sites in LMICs.!* The overarching goal of
this series was to quantify exposures from a limited dataset in an effort to draw conclusions

more broadly about the impact of pollution.

This paper utilized a well-accepted WHO method to calculate lead-attributable DALY's at
hazardous waste sites in the region. Like papers 6 and 7, this study relies on the USEPA
Integrated Environmental Uptake Biokinetic risk assessment tool to model BLLs, which form

the most significant input parameter.
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Background: Though lead contaminated waste sites have been widely researched in many high income countries, their
prevalence and associated health outcomes have not been well documented in low and middle income countries.

Methods: Using the well established health metric disability adjusted life year (DALY) and an exposure assessment
method developed by Chatham Stephens et al., we estimated the burden of disease resulting from exposure to lead at
toxic waste sites in three Latin American countries in 2012: Argentina, Mexico and Uruguay. Toxic waste sites identified
through Pure Earth's Toxic Sites Identification Program (TSIP) were screened for lead in both biological and environmental
sample media. Estimates of cardiovascular disease incidence and other outcomes resulting from exposure to lead were

Results: Approximately 316,703 persons in three countries were at risk of exposure to pollutants at 129 unique sites
identified through the TSIP database. Exposure to lead was estimated to result in between 51,432 and 115,042 DALYs,
depending on the weighting factor used. The estimated burden of disease caused by exposure to lead in this analysis

is comparable to that estimated for Parkinson's disease and bladder cancer in these countries.

Conclusions: Lead continues to pose a significant public health risk in Argentina, Mexico, and Uruguay. The burden of
disease in these three countries is comparable with other widely recognized public health challenges. Knowledge of the
relatively high number of DALYs associated with lead exposure may be used to generate support and funding for the
remediation of toxic waste sites in these countries and others.

Keywords: Latin America, Burden of disease, Disability adjusted life year, Chemical exposure, Toxic waste sites, Lead

Background

Environmental exposure to pollution from hazardous
waste sites is an understudied contributor to the global
burden of disease [1]. Increasing industrial development,
urbanization and socioeconomic forces in Latin America
have contributed to an increase in environmental pollution
and the negative health effects resulting from exposure [2].
The disability-adjusted life year (DALY), which takes into
consideration the burden of disease resulting from illness,
injury and death, is a standard metric for estimating the
burden of disease resulting from exposure to environmental
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toxicants, among other risk factors. A previous study by
Priiss-Ustiin estimated that exposure to various chemicals
accounts for 5.7 % of total global DALYs and 8.3 % of global
deaths [3]. Another study estimated that 0.22 % of the total
estimated DALYs from all causes were attributed to pollut-
ants found at hazardous waste sites in India, Indonesia and
the Philippines [4].

It is estimated that 94 % of the burden of disease result-
ing from pollution falls on low- and middle-income coun-
tries as defined by the World Bank (LMICs) [5]. While
much of the developed world has made significant pro-
gress in eliminating the burden of disease caused by infec-
tious diseases, chronic illnesses increasingly affect a great
population [6]. Chronic illnesses, such as cardiovascular
disease, neurodevelopmental disorders and cancers are

© 2016 The Author(s). Open Access This article is distibuted under the terms of the Creative Commons Attribution 4.0
International License (http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http//creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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often linked to environmental exposures, yet enumerating
the specific burden of disease impacts from environmental
agents has proven difficult [7].

There is a need to better understand linkages between
contaminated sites and health outcomes in LMICs. Accur-
ate DALY models enumerated by contaminant, exposure
pathway, and affected population offer one possible ap-
proach. Summary measures may then be used during the
policymaking process to discern what public health
threats are of greatest concern and what policies are
most effective [8].

Heavy metals are still widely used in the production of
consumer goods [9]. In LMICs, inadequate regulation,
informality of many industries, poor surveillance, and
improper disposal of contaminants can result in danger-
ous exposures to nearby residents. Of particular concern
is lead (Pb). Although the risk of disease resulting from
exposure to lead is widely known, widespread use con-
tinues [10]. For example, lead is still used to glaze arti-
sanal ceramics despite the availability of less hazardous
alternatives. Elevated levels of lead in water and soil can
then expose adjacent populations, putting them at risk
of a number of adverse health outcomes.

Lead is a bluish-gray metal with many desirable qualities
such as electrical conductivity, malleability, density and
low-corrosivity and has been mined for centuries, often
combined with other metals to form alloys [10]. Anthropo-
genic sources of lead in the environment include smelting,
mining, used lead-acid battery (ULAB) recycling and cer-
amic pottery making [11, 12]. Compared to adults, children
absorb more lead and are therefore more vulnerable to the
adverse effects of lead. Early childhood exposure to lead
can be particularly harmful and has been shown to cause
behavioral problems in adolescence [13], IQ decrements
[14], cognitive impairment [15], and decreased visuospatial
skills [16]. Adults are typically exposed occupationally and
experience higher rates of hypertension than the general
population, leading to an increased incidence of cardiovas-
cular disease [17]. Low-level chronic exposure to lead may
result in low sperm count or impotence in males. In fe-
males, it can result in miscarriage and low birth weight of
offspring, as lead may be transferred through the placenta
to the fetus [16].

This research aims to accurately quantify the burden of
disease caused by lead found at toxic waste sites in
Argentina, Mexico and Uruguay. Earlier work done by

Table 1 Country demographics®
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Caravanos et al. described the pediatric burden of Pb and
other heavy metals exposure in several Asian countries
[18]. This analysis seeks to elucidate the impact of lead on
human health in a different part of the world. The resulting
analysis aims to provide a basis for public health interven-
tion and environmental remediation at both the national
and regional level, as well as to inform strategies for con-
tinued site investigation of contaminated sites.

Methods

Site identification

Environmental and biological exposure data were obtained
from the Toxic Sites Identification Program (TSIP). The
TSIP is an effort implemented by the New York-based
non-profit Pure Earth (formerly Blacksmith Institute) and
has been supported by the United Nations Industrial Devel-
opment Organization (UNIDO), the European Commission
(EC), the World Bank, and the Asian Development Bank,
among others. The TSIP identifies active and abandoned
hazardous waste sites resulting from both formal and infor-
mal industrial activities in LMICs. Informal activities in-
clude but are not limited to electronic waste or scrap metal
recycling, used lead-acid battery recycling, small-scale gold
mining, leather tanning, and ceramic pottery making. There
are currently more than 3200 sites in the TSIP database, of
which 2300 have been visited onsite by a trained TSIP
investigator. A majority of the locations screened are aban-
doned (legacy) sites, including former tanneries and small-
scale artisanal sites such as ULAB recycling and artisanal
gold mining [4]. The TSIP does not include exposure data
from non-point sources such as vehicle traffic or sewage
contaminated water. As part of a TSIP investigation, a “key
pollutant” is identified and analyzed. Heavy metals are the
most commonly occurring key pollutant, with ingestion of
contaminated soils being the most commonly occurring
route of exposure listed in the TSIP database [19].

Three countries were utilized for this analysis: Argentina,
Mexico and Uruguay (Table 1). These countries were
chosen primarily on the basis of the availability of data after
the inclusion and exclusion criteria outlined below were
applied to the raw data. Sites that did not meet all five cri-
teria were not included in the analysis. No additional data
collection was conducted for this paper.

In order for a hazardous waste site to be included in the
analysis, five criteria must have been met: there must be a
credible pathway of human exposure; a biological or

Country Total population Population density GDP per capita Infant mortality Life Expectancy
(in millions) (inhabitants per km? (USD) (per 1,000) (years)
Argentina 4145 144 22375 11 76.01
Mexico 1223 57 10174 11 7714
Uruguay 34 189 16996 9 76.91

“The World Bank, 2014
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environmental sample had to be present; a population at
risk had to be specified; the location of the site was repre-
sented by GPS coordinates; and a description of the activ-
ities leading to contamination were outlined. The TSIP
database contained 23 site surveys in Argentina, 62 in
Mexico, and 44 in Uruguay that met the inclusion criteria
of this study. A total of 129 sites analyzed with data from
164 environmental lead samples and 75 blood lead level
measurements were included in the analysis. It should be
noted that while numerous sites contain both blood lead
and soil lead data, there are also many sites that contain
data from only one sample medium.

Exposure assessment

Local site investigators in the field collected environmen-
tal samples with the guidance of a sampling protocol pro-
vided by Pure Earth. Biological samples were made
available through collections by local health offices and
ministries. An independent ethics committee determined
that the study was exempt from further review as catego-
rized by the US Department of Health and Human
Services Policy for Protection of Human Research Sub-
jects. Lead concentrations in soil were measured in the
field using an Innov-X handheld X-ray fluorescence (XRF)
spectrometer (4000 Alpha Series; Auburndale/Newton,
MA). XREFs are calibrated accordingly prior to soil sample
analysis. When an XRF was unavailable, samples were sent
to a local laboratory for analysis. Exposure pathways in
the analysis included inhalation of dust and ingestion of
lead contaminated soil. All Pb exposure was estimated
through blood lead levels (BLLs) (= 75) or soil concen-
trations (n =164). In areas suspected of lead contamin-
ation, BLLs were prioritized, as they are the standard
marker of human exposure [20]. The U.S. Centers for
Disease Control and Prevention (CDC) sets an upper limit
of 5 pg/dL for children under the age of 6 years [21].
While the “actionable” reference BLL was lowered from
10 pg/dL to 5 pg/dL in 2012 by the CDC, 10 pg/dL is still
the standard reference BLL in most countries [22]. When
a site contained less than 5 biological samples, environ-
mental sample data such as lead in soil was used to calcu-
late burden of disease estimates.

Population estimates and age distribution

An age distribution of the population must be used when
calculating the burden of disease. It has been well docu-
mented that children are more susceptible to negative
health effects caused by exposure to toxic pollution than
adults [23, 24]. Hazardous chemicals are ingested and in-
haled into the body of children at a much higher rate than
in adults. Furthermore, toxicants can affect children during
critical windows of development when children’s bodies
and neurological function are most at risk [24]. Children
also engage in more high-risk behaviors when compared to

Page 3 of 9

adults—they are lower to the ground and tend to have
more unwashed hand to mouth contact [18]. As age
distribution was not recorded as part of TSIP protocol,
province-specific age distributions from the respective
countries’ census institutions were used in disease esti-
mates [4, 25-28].

A local country specific investigator develops a Concep-
tual Site Model (CSM) for each site assessed as part of the
TSIP. The CSM allows the investigator to determine key
sources, migration routes, and chemical exposure pathways.
Additionally the investigator using the CSM determines the
estimated “population at risk.” A population count is then
generated from residences and communities adjacent to all
sources of exposure using reported housing densities (num-
ber of persons per household). High-resolution aerial im-
agery is also used to confirm population estimates by
reviewing the number of people residing within the affected
area (defined as having a radius of 50 m). For the purpose
of this analysis, population at risk estimates were reviewed
against similar sites in the TSIP database.

Risk estimates

Risk was calculated for non-carcinogenic health endpoints
based on lead toxicity [4]. Disease incidence and burden
for lead were calculated separately using the USEPA’s Inte-
grated Exposure, Uptake and Biokinetic (IEUBK) model
and tools developed by the World Health Organization
(WHO) [29, 30]. The IEUBK model is used to estimate
BLLs in children resulting from Pb exposure via soil, air,
water, food, and maternal blood lead [20].

The [EUBK Model is a validated tool that estimates
the geometric mean of BLL from exposure to multiple
sources of lead. However, for this analysis we limited the
model to soil lead exposure from each site. We entered
these values into the model and calculated mean BLLs
for each site. Exposure intakes for air lead levels, dietary
intake of lead, water lead levels, maternal BLL and alter-
nate sources of lead were set to “zero” so that the result-
ant estimated BLL is attributable solely to soil lead
exposure. The IEUBK EPA model is specific to children
so in estimating adult blood lead levels we applied the
USEPA’s Adult Lead Methodology (ALM) exposure
model [31]. As with IEUBK, only lead in soil inputs were
used in the model with all other sources set to “zero”.

Incidence of disease

Blood lead levels from exposure to environmental soil and
dust lead levels were estimated using the US EPA’s IEUBK
model. Exposure estimates were calibrated upward to ac-
count for the typically dustier conditions of low-income
areas in LMICs. Values used elsewhere for indigenous
populations were utilized here [32—34]. DALYs resulting
from measured blood lead level samples and estimated
blood lead levels were calculated separately using disease
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incidence and spreadsheets created by the WHO [35].
Using these spreadsheets, both incidence of mild mental
retardation (MMR) in children and cardiovascular disease
in adults were calculated for lead [4].

Burden of disease calculation

The DALY is a time-based measure of health that combines
indices of years lived with disability (YLD) and years of life
lost (YLL). YLD and YLL were calculated based on expos-
ure estimates collected in the field. YLD is the product of
years lived with a disability and a specific disability weight
(DW). A DW is scaled between zero and one, with zero
representing perfect health and one representing the worst
possible state of health (equivalent to death) [36]. For
example, mild mental retardation attributable to lead ex-
posure has a DW of 0.36 while metastatic lung cancer has
a DW of 0.75 [37].

In order to calculate YLD the relevant type of non-cancer
health effect was matched with the corresponding DW (i.e.,
neurological effects) [4]. Years lived with disability resulted
from an estimation of life expectancy multiplied by the
appropriate disability weight for the exposure scenario [4].
Years of life lost were calculated only for exposure to car-
cinogens; as a result, lead exposure did not contribute to
YLL [4]. This is the standard method for calculating lead
induced MMR, as lead exposure very rarely results in
death.

DALYs resulting from cardiovascular disease were trans-
formed into percentages to show a distribution across age
groups for each country using the WHO’s Global Health
Estimates Summary Tables [29]. The percentage of DALYs
attributable to ischemic heart disease, cerebrovascular dis-
ease, hypertensive disease and all other cardiac diseases
were calculated for each country individually. By using
BLLs and this percentage of DALYs attributable to cardio-
vascular disease in a WHO spreadsheet, DALYs attribut-
able to lead exposure were calculated [4, 38].

Age weighting factors, along with a discount rate, were
applied to both YLD and YLL to provide a range of DALY
estimates. Age weights are applied to burden of disease esti-
mates in an effort to reflect the relative population distribu-
tion, while discount rates are often employed in burden of
disease studies to account for intergenerational differences
in health benefits reaped from public health interventions
and a decrease disease incidence [4, 39]. Both the age
weights and discount rates are signified in the notation
DALYs( k), where r is the discount rate and K is the age
weight. Results expressed as DALYs(;) represent a 3 %
discount rate (recommended by the U.S. Panel on Cost-
Effectiveness in Health and Medicine and utilized by the
WHO) and full age weighting, while those expressed as
DALYs(3) include only the discount rate [40]. DALYs)
represent a burden of disease estimate without weighting.
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Sensitivity analysis

A range of estimates was also created through a sensitiv-
ity analysis by adjusting the size of the population at
risk. This analysis calculates the effect of lead on a popu-
lation plus and minus 25 % of the current estimate to
account for possible fluctuations in the population.

Results

Exposure data were collected from a total of 129 hazard-
ous waste sites distributed across Argentina (n=23),
Mexico (n =62), and Uruguay (n =44). The geographical
distributions of these sites are shown in Figs. 1 and 2. The
estimated population at risk of exposure was 316,703 indi-
viduals (mean =2455; median =250 per site), which is
approximately 0.19 % of the total population of all three
countries. Of this population, it was estimated that 80,021
were women of childbearing age (15—49 years of age), and
122,084 individuals were younger than 18 years of age
(Table 2). Of the exposed population, the proportion of
women of childbearing age was relatively equal across the
three countries.

Biological (n=75) and environmental measurements
(n=164) were used to calculate risk. An arithmetic
mean was calculated for environmental or biological
samples at each site, unless the site’s test results differed
more than one order of magnitude. In these cases, a
geometric mean was used as outlined in the sampling
protocol provided by Pure Earth. Mean blood lead levels
(BLLs) in Mexico (n=56) and Uruguay (n=19) were
found to be 19.63 pg/dL and 13.3 pg/dL respectively
(Table 3). Lead concentrations in soil (nz = 164) were the
highest and relatively uniform across the three countries
(Table 4). Mean soil lead concentrations in Mexico
(2748 mg/kg) were the greatest, followed by Uruguay
(2559 mg/kg) and Argentina (1730 mg/kg).

BLLs were used to estimate DALYs in exposed popula-
tions in Mexico (79,196) and Uruguay (5859). As BLLs
were not collected in Argentina, DALYs based on that
exposure measurement could not be calculated. Elevated
BLLs were responsible for 23,421 DALYs in Mexico,
representing 52 % of the disease burden estimated as a
result of lead exposure. Elevated BLLs were responsible
for 942 DALYs in Uruguay, representing 46 % of the
total disease burden for lead exposure.

An estimated 27,069 DALYs resulted from exposure to
lead in soil. Combined with an estimated 24,363 DALYs
based on BLL, overall lead exposure accounted for a total
of 51,432 YLDs. The estimated population at risk for expos-
ure to lead was 316,703, largely derived in sites from
Mexico (189,593) and Argentina (112,208). An estimated
0.31 DALYs3 ) per person resulted from lead exposure at
129 unique toxic waste sites screened in Argentina, Mexico
and Uruguay.
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Fig. 1 Geographical distribution of TSIP sites in Mexico with DALYs resulting from lead exposure
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Without age weights, 45492 DALYs (50, resulted, while
removing both age weight and discount rate resulted in
115,042 DALYs (o). To present a range of estimates, ex-
posed population was adjusted to 25 % less than the
original estimate, resulting in 38,581 DALYs(3y). If the
exposed population was adjusted to 25 % greater than the
original estimate, the resulting DALYs(3 ;) were 64,266. A
remediation scenario where lead levels were adjusted
below international standards resulted in 7,078 DALYs3 1)
(Table 5).

Discussion

This study sought to characterize the number of years lost
due to illness, disability, or early death from lead exposure
in Argentina, Mexico, and Uruguay. Environmental levels
of lead were characterized in those countries and DALYs
were calculated based on estimated exposure. In total, an
estimated 51,432 DALYs from a total of 316,703 people
exposed to lead at 129 toxic waste sites were located
throughout the study region. This translates to approxi-
mately .31 DALYs(3 ;) per person. The estimated burden of
disease as a result of exposure to lead was approximately

131

0.12 % of DALYs for all causes as estimated by the WHO
in Argentina, Mexico and Uruguay [29].

By quantifying disease burden from lead pollution
through a DALY-based method developed by Chatham-
Stephens et al, comparisons can be made to other public
health threats and illnesses. The modeled burden of disease
estimated for exposure to lead at screened sites is compar-
able to the burden resulting from more widely recognized
public health issues such as Parkinson’s disease (52,800
DALYs), Acute Hepatitis B and C combined (43,300) and
bladder cancer (59,500 DALYs) in the three countries ana-
lyzed [28, 40]. The estimated burden of disease due to lead
exposure is also greater than estimates for all childhood-
cluster diseases including pertussis, diphtheria, measles,
and tetanus (9,100 DALYs) and multiple sclerosis (27,500
DALYs) [29]. A comparison of DALYs from lead exposure
and other health outcomes in Argentina, Mexico and
Uruguay can be seen in Table 6, though it must be reiter-
ated that DALYs from lead exposure are estimated rather
than empirical.

The ingestion and inhalation of lead contaminated soil
and dust was the main exposure pathway in the data an-
alyzed. Biomarkers (blood lead levels) were used in the
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calculation of disease burden for lead exposure in Mexico
and Uruguay, accounting for 47.4 % of the DALYs esti-
mated in those countries.

Mexico is the fourth-largest producer of lead worldwide,
with 222,000 metric tons generated in 2012 and a continu-
ally increasing output [41]. Sites in Mexico included in the
lead exposure analysis were currently or previously involved
with production of earthenware with leaded glaze (n = 31),
mining operations (n =22), smelting activities (n=3),
used lead-acid battery recycling (n=1) and manufac-
turing (n =5).

If BLLs were adjusted to below the “actionable” limit
recommended by the CDC (5 ug/dL), an estimated 24,281
DALYs in Mexico (23,342 DALYs) and Uruguay (939

Table 2 Exposed population by age and childbearing status

DALYs) could be eliminated. Such interventions include
the introduction of lead-free glaze in ceramic ware, legisla-
tion to regulate battery-recycling, reduction of lead dust in
homes, education about the health effects resulting from
Pb exposure, as well as continued monitoring of BLLs. In
comparison with the initial DALYs(3;) estimate, 44,354
DALYs(3 1) could be eliminated if these sites were reme-
diated. Despite producing lead in smaller quantities, ex-
posure contributed significantly to disease burden in both
Argentina (83,700 metric tons from primary and second-
ary lead smelting in 2013, 4,061 DALYs(3,)) and Uruguay
(no lead production data available, 2,051 DALYs3 1)) [42].
A previous burden of disease study by Chatham-
Stephens et al. found 54,432 DALYs attributable to lead

Country Total Exposed Population Women of Childbearing Age All Genders <18 Remaining Age
(Population) 15 49 years old (Population) Years old (Population) Groups (Population)

Argentina 112208 27852 36659 47697

Mexico 189593 48770 80904 59919

Uruguay 14902 3399 4521 6982

Total 316703 80021 122084 114598
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Table 3 Blood Lead Level (BLL) Data by Country Table 5 Sensitivity analysis estimates

Country N Mean (ug/dL) S.D. (ug/dL) Range Scenario Total DALYs
Argentina N/A N/A N/A N/A Primary estimate of screened sites 51432 DALYsg3 )
Mexico 56 19.63 99 7.7 411 Estimate without age weights 45492 DALYs3)
Uruguay 19 133 9.21 51 4735 Estimate without age weights or discount rate 115042 DALYS (o)

exposure in India (n =24), 78,982 DALYs in Indonesia
(n=28) and 394,084 DALYs in the Philippines (n =27).
While these estimates are larger than the estimated
45,321 DALYs attributable to lead-contaminated sites in
Mexico (n=62), an estimated 0.41 DALYs per person
resulted from lead exposure at these sites, higher than
previous estimates for India (0.21 DALYs per person),
Indonesia (0.21 DALYs per person) and the Philippines
(0.30 DALYs per person). In the same study, 0.10 DALYs
per person were estimated for exposure to eight chemicals
in India, Indonesia, and the Philippines (mean population
at risk of exposure per site = 23,079) [4], while an estimated
.31 DALYs(3,;) per person occurred due to exposure to lead
in Argentina, Mexico and Uruguay (mean population at
risk of exposure per site = 2455). This higher average DALY
per person was likely a result of a smaller population at risk
and higher lead concentrations found in the three countries
in this review.

A number of limitations for the calculation of disease
burden should be noted. One such limitation has to do
with extrapolation from a limited number of samples.
The TSIP assessment process relies on minimal environ-
mental sampling, composed of targeted and composited
samples. The methodology was developed for screening
purposes and is insufficient to fully characterize health
risks at a site. As a result, the estimates here are neces-
sarily indicative rather than definitive in nature.

A second significant limitation has to do with the lim-
ited number of sites captured by the TSIP. The number
utilized here, 129, is very likely a significant undercount
of the total number. Future efforts might endeavor to
document additional sites or develop a robust method-
ology for modeling what that number might be.

A final limitation is the singular focus on lead. TSIP site
investigators collect data for a range of pollutants includ-
ing arsenic, hexavalent chromium, mercury, pesticides and
particulate matter contributing to air pollution. However,
these analyzed samples were too few in number to gener-
ate an accurate burden of disease estimate. In order for
this exercise to be repeated with other pollutants, both
data collection and site identification need to be improved.

Table 4 Environmental Lead Sample Data

Argentina Mexico Uruguay
N Mean® N Mean® N Mean?
Soil Samples (mg/kg) 48 1730 59 2748 57 2559

“Value shown is either the mean or single measurement

Remediation scenario 7078 DALYs (3
38581 DALYsg 1)

64266 DALYs(5 1)

If actual exposed population is 25 % less

If actual exposed population is 25 % greater

The use of mercury in artisanal small-scale gold mining
(ASGM), for example, is a known threat to public health
in Latin America, and future site investigations must con-
tinue to identify sites of mercury exposure [43]. As the
analysis was solely focused on exposure to lead, it is likely
that the burden of disease resulting from exposure to toxic
pollution is largely underestimated.

Conclusion

Intervention and remediation programs must focus on
lead-contaminated sites in Argentina, Mexico and Uruguay
as exposure to lead continues to contribute a significant
disease burden for the population in these countries. An
estimated 316,703 persons are subject to lead exposure at
screened sites in these countries, resulting in 51,432
DALYs@ ). However, site investigations and efforts to
estimate the burden of disease caused by pollution must
continue to incorporate threats from exposure to mercury,
arsenic, hexavalent chromium, pesticides, air pollution and

Table 6 DALY Comparisons by Health Outcome

Selected Outcomes and Exposures Total DALYs
Leishmaniasis 2800
Childhood cluster Diseases® 9100
Multiple Sclerosis 27500
Chlamydia 39100
Acute Hepatitis B and C 43300
Lead Exposure (Modeled) 51432
Parkinson’s Disease 52800
Bladder Cancer 59500
Melanoma and Skin Cancers 63800
Tuberculosis 141500
Asthma 295700
Diarrheal Disease 375100
HIV 469100
Respiratory Infections® 153500
Diabetes Mellitus 3102600

DALYs 2012 estimates (WHO, 2014)

Bold data are based on our modeled estimate using a method developed by

Chatham Stephens et al

2Childhood cluster diseases include pertussis, diphtheria, measles, and tetanus
PRespiratory infections includes lower respiratory infections, upper respiratory
infections, and otitis media
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other contaminants. Future studies should attempt to ex-
trapolate these estimates to unscreened sites in an effort to
approximate a more accurate burden of disease. This larger
estimate is likely to be comparable with the burden of
disease resulting from myriad chronic illnesses, and may be
used as a tool to generate support and funding for the
remediation of toxic waste sites in these countries and
others. While the three countries of study have protocols
in place to monitor children’s BLLs and reduce lead ex-
posure, programs to regulate ULAB recycling exist only in
Argentina, and regulations limiting the content of residen-
tial paint exist in only Argentina and Uruguay. Efforts to
reduce the burden of disease resulting from lead exposure
such as these and others must be implemented in all
countries to adequately reduce the burden of disease from
lead exposure.

Abbreviations

ALM, Adult lead methodology; ASGM, Artisanal small scale gold mining; BLL,
Blood lead level; CDC, US. Centers for Disease Control; CSM, Conceptual Site
Model; DALY, Disability adjusted life year; DW, Disability weight; EC, European
Commission; IEUBK, Integrated Exposure, Uptake and Biokinetic model; LMICs,
Low and middle income countries; MMR, Mild mental retardation; TSIP, Toxic
Sites Identification Program; ULAB, Used lead acid battery; UNIDO, United
Nations Development Organization; USEPA, United States Environmental
Protection Agency; WHO, World Health Organization; YLD, Years lived with
disability; YLL, Years of life lost

Acknowledgements

The authors would like to thank Pure Earth (formerly Blacksmith Institute) for
funding this research. The authors would also like to thank Dr. Petr Sharov of
Pure Earth for his expertise in GIS.

Authors’ contributions

BE, JoC and RD conceived this study based on an exposure assessment
method developed by Chatham Stephens et al. JoC carried out the burden of
disease analysis and drafted the manuscript. RD, BP, JaC, BE and RF reviewed
the paper and provided comments, edits and senior level guidance. All authors
read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Public Health, City University of New York, 2180 Third Ave,, New
York, NY 10035, USA. “Pure Earth, formerly Blacksmith Institute, 475 Riverside
Drive, Suite 860, New York, NY 10115, USA.

Received: 30 December 2015 Accepted: 30 May 2016
Published online: 23 June 2016

References

1. Naujokas MF, Anderson B, Ahsan H, et al. The broad scope of health effects
from chronic arsenic exposure: Update on a worldwide public health
problem. Environ Health Perspect. 2013;121(3):295 302.

2. lLaborde A, Tomasina F, Bianchi F, et al. Children’s health in Latin
America: the influence of environmental exposures. Environ Health
Perspect. 2015;123(3):201 9.

3. Priss Ustlin A, Vickers C, Haefliger P, Bertollini R. Knowns and unknowns on
burden of disease due to chemicals: a systematic review. Environ Health.
2011;10(9):10.1186.

4. Chatham Stephens K, Caravanos J, Ericson B, et al. Burden of disease
from toxic waste sites in India, Indonesia, and the Philippines in 2010.
Environ Health Perspect. 2013;121(7):791 6.

20.

21.

22.

23.

24

25.

26.

27.

134

Page 8 of 9

Landrigan PJ, Fuller R. Environmental pollution: an enormous and invisible
burden on health systems in low and middle income counties. World Hosp
Health Serv. 2012;50(4):35.

McKeown RE. The epidemiologic transition: changing patterns of mortality
and population dynamics. Am J Lifestyle Med. 2009;3:19S 26.

Pan American Health Organization (PAHO). The environment and human
security: Health in the americas. Pan American Health Organization (PAHO)
Web site. http://www.paho.org/saludenlasamericas/index.php?option com
content&view article&id 56:the environment and human

security&ltemid 52&lang en. Published 2015. Updated 2015. Accessed
November 2, 2015.

Murray CJ, Vos T, Lozano R, et al. Disability adjusted life years (DALYs) for
291 diseases and injuries in 21 regions, 1990 2010: A systematic analysis for
the global burden of disease study 2010. Lancet. 2013;380(9859):2197 223.
Guberman D. 2013 minerals yearbook: Lead advance release US geological
survey. U.S. Geological Survey Web site. http://minerals.usgs.gov/minerals/
pubs/commodity/lead/myb1 2013 lead.pdf. Published 2015. Updated 2015.
Accessed November 23, 2015.

Agency for Toxic Substances and Disease Registry. Toxicological profile for
lead. Agency for Toxic Substances and Disease Registry: Toxic Substances
Portal Web site. http://www.atsdr.cdc.gov/toxprofiles/tp13 c8.pdf. Published
2005. Updated 2005. Accessed September 15, 2015.

Guberman D. Minerals commodity summaries U.S. Geological Survey Web
site. http://minerals.usgs.gov/minerals/pubs/commodity/lead/mcs 2015 lead.
pdf. Published 2015. Updated 2015. Accessed November 23, 2015.

IPEN. Lead in new decorative paints. IPEN Web site. http://ipen.org/sites/
default/files/documents/global paintstudy en.pdf. Published 2009. Updated
2009. Accessed November 23, 2015.

Dietrich KN, Douglas RM, Succop PA, Berger OG, Bornschein RL. Early exposure
to lead and juvenile delinquency. Neurotoxicol Teratol. 2001,23(6):511 8.
Koller K, Brown T, Spurgeon A, Levy L. Recent developments in low level
lead exposure and intellectual impairment in children. Environ Health
Perspect. 2004;112(9):987 94.

Surkan PJ, Zhang A, Trachtenberg F, Daniel DB, McKinlay S, Bellinger DC.
Neuropsychological function in children with blood lead levels < 10 pg/dL.
Neurotoxicology. 2007;28(6):1170 7.

Mason LH, Harp JP, Han DY. Pb neurotoxicity: Neuropsychological effects of
lead toxicity. BioMed Res Int. 2014;2014.

Navas Acien A, Guallar E, Silbergeld EK, Rothenberg SJ. Lead exposure and
cardiovascular disease: A systematic review. Environ Health Perspect. 2007;
115(3):472 82.

Caravanos J, Chatham Stephens K, Ericson B, Landrigan PJ, Fuller R. The
burden of disease from pediatric lead exposure at hazardous waste sites in
7 Asian countries. Environ Res. 2013;120:119 25.

Ericson B, Caravanos J, Chatham Stephens K, Landrigan P, Fuller R.
Approaches to systematic assessment of environmental exposures posed at
hazardous waste sites in the developing world: the toxic sites identification
program. Environ Monit Assess. 2013;185(2):1755 66.

Jones DE, Pérez MC, Ericson B, et al. Childhood blood lead reductions
following removal of leaded ceramic glazes in artisanal pottery production:
a success story. J Health Pollut. 2013;3(4):23 9.

Caravanos J, Dowling R, Téllez Rojo MM, et al. Blood lead levels in mexico and
pediatric burden of disease implications. Ann Global Health. 2014,80(4):269 77.
Leafe M, Irigoyen M, Cynthia DeLago MPHM, Hassan A. Change in
childhood lead exposure prevalence with new reference level. J Environ
Health. 2015;77(10):14.

Luo X, Ding JB. Incorporating bioaccessibility into human health risk assessments
of heavy metals in urban park soils. Sci Total Environ. 2012/424:88 96.
Shonkoff JP, Garner AS, Committee on Psychosocial Aspects of Child and
Family Health, Committee on Early Childhood, Adoption, and Dependent Care,
Section on Developmental and Behavioral Pediatrics. The lifelong effects of
early childhood adversity and toxic stress. Pediatrics. 2012;129(1):e232 46.
National Institute of Statistics and Geography (Mexico). Population and
housing census 2010. Population and Housing Census 2010 Web site.
http://www.inegi.org.mx/default.aspx. Published 2010. Updated 2010.
Accessed March 14, 2016.

Uruguay National Institute of Statistics. Census 2011. Uruguay National
Institute of Statistics Web site. http://www.ine.gub.uy/web/guest/censos
2011. Published 2011. Updated 2011. Accessed March 14, 2016.

Republic of Argentina: National Institute of Statistics and Census.

Census 2010. Republic of Argentina: National Institute of Statistics and



Caravanos et al. Environmental Health (2016) 15:72

28.

29.

30.

31

32,

33.

34,

35.

36.

37.

38.

39.

41,

42,

43.

Census Web site. http:/www.indecgov.ar/nivel4 defaultasp?id tema

1 28id tema 2 41&Id tema 3 135. Published 2010. Updated 2010.
Accessed March 16, 2016.

US. Census Bureau. International data base. U.S. Census Bureau Web site.
http//www.census.gov/population/international/data/idb/
informationGateway.php. Updated 2012. Accessed August 6, 2015.

World Health Organization. Global health estimates 2014 summary tables.
Health Statistics and Information Systems Web site. http//www.who.int/

entity/healthinfo/global burden disease/GHE DALY 2012 countryxls?ua 1.

Published 2014. Updated 2014. Accessed August 5, 2015.

Fewtrell L, Kaufmann R, Priiss Ustiin A. Assessing the environmental burden
of disease at national and local levels. In: Environmental burden of disease
series, no. 2. Geneva: World Health Organisation; 2003.

Maddaloni M, Ballew M, Diamond G, et al. Assessing lead risks at non
residential hazardous waste sites. Hum Ecol Risk Assess. 2005;11(5Y967 1003.
Harris S, Harper B. Exposure scenario for CTUR traditional subsistence
lifeways. Pendleton: Department of Science & Engineering, Confederated
Tribes of the Umatilla Indian Reservation. Oregon State College of Public
Health and Human Sciences Web site. http:/health.oregonstate.eduw/sites/
default/files/research/pdf/tribal grant/CTUIR SCENARIO.pdf. Published 2004.
Accessed 8 Aug 2015.

Sun L, Meinhold C. Gastrointestinal absorption of plutonium by the marshall
islanders. Health Phys. 1997,73(1:167 75.

Rojas M, Espinosa C, Seijas D. Association between blood lead and
sociodemographic parameters among children. Rev Saude Publica. 2003;
37(4):503 9.

World Health Organization. Global burden of disease (GBD). Global Health
Estimates Web site. http//www.who.int/healthinfo/global burden disease/
en/. Published 2015. Updated 2015. Accessed September 10, 2015.
Devleesschauwer B, Havelaar AH, De Noordhout CM, et al. Calculating
disability adjusted life years to quantify burden of disease. Int J Public
Health. 2014;59(3):565 9.

World Health Organization. Global burden of disease 2004 update: Disability
welghts for diseases and conditions. http//www.whoint/healthinfo/global
burden disease/GBD2004 DisabilityWeightspdffua 1. Published 2004.
Updated 2004. Accessed December 10, 2015.

Fewtrell L, Priiss Ustin A, Landrigan P, Ayuso Mateos J. Estimating the
global burden of disease of mild mental retardation and cardiovascular
diseases from environmental lead exposure. Environ Res. 2004;94(2):120 33
Mathers CD, Salomon JA, Ezzati M, Begg S, Hoorn SV, Lopez AD. Sensitivity
and uncertainty analyses for burden of disease and risk factor estimates. In:
Lopez AD, Mathers CD, Ezzati M, Jamison DT, Murray CJL, eds. Global
burden of disease and risk factors. Washington (DC): The International Bank
for Reconstruction and Development/The World Bank Group; 2006.
NBK11802 [bookaccession].

Weinstein M, Siegel J, Gold M, Kamlet M, Russell L. Cost effectiveness in
health and medicine. New York: Oxford University; 1996. p. 55.

US. Geological Survey. 2012 minerals yearbook: Mexico. USGS: Minerals
Information Web site. http//mineralsusgsgov/minerals/pubs/country/2012/
myb3 2012 mxpdf. Published 2014. Updated 2014. Accessed October 29,2015,
US. Geological Survey. 2013 minerals yearbook: Argentina, USGS: Minerals
Information Web site. http://minerals.usgs.gow/minerals/pubs/country/2013/
myb3 2013 ar.pdf. Published 2014. Updated 2014 Accessed October 29, 2015.
Gibb H, O'Leary KG. Mercury exposure and health impacts among
individuals in the artisanal and small scale gold mining community: a
comprehensive review. Environ Health Perspect. 2014;122(7):667 72.

135

Page 9 of 9

Submit your next manuscript to BioMed Central
and we wil help you at every step:

* We accept pre submission inquiries

* QOur selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

¢ Convenient online submission

¢ Thorough peer review

* Inclusion in PubMed and all major indexing services

¢ Maximum visibility for your research

Submit your manuscript at

www. biomedcentral.com/submit () BiolVied Central




4. Chapter Four: Mitigation

Chapter 4 consists of the following 3 studies:

4.1 Ericson, B., Duong, T. T., Keith, J., Nguyen, T. C., Havens, D., Daniell, W., ... &
Wilson, B. (2018). Improving human health outcomes with a low-cost
intervention to reduce exposures from lead acid battery recycling: Dong Mai,
Vietnam. Environmental Research, 161, 181-187.

4.2 Heacock, M., Trottier, B., Adhikary, S., Asante, K. A., Basu, N., Brune, M. N, ...
Ericson, B ... & Chen, A. (2018). Prevention-intervention strategies to reduce
exposure to e-waste. Reviews on Environmental Health, 33(2), 219-228.

4.3 Ericson, B., Caravanos, J., Depratt, C., Santos, C., Cabral, M. G., Fuller, R., &
Taylor, M. P. (2018). Cost Effectiveness of Environmental Lead Risk Mitigation

in Low-and Middle-Income Countries. GeoHealth, 2(2), 87-101.

Chapter 4 of this thesis presents methods to mitigate lead exposures described in earlier
Chapters. All three studies presented in this Chapter evaluate the results of remediation
projects at lead contaminated sites in LMICs. An overarching finding of this thesis is that
lead contaminated sites, particularly those resulting from informal ULAB recycling, pose an
important and under recognized exposure risk. This Chapter explores the efficacy of some

solutions to this difficult problem that have been used and tested as part of this thesis.

This Chapter covers four distinct lead risk mitigation projects in four different LMICs (The
Dominican Republic, Ghana, Uruguay, and Vietnam). Each intervention was designed to be
cost-effective and tailored for the affected community based on the available resources. In the
context of limited resources in LMICs to mitigate exposures at lead contaminated sites, cost-
effective and locally employable solutions are required. Paper 10 describes a project in detail
in part to provide guidance to implementers elsewhere. Paper 11 provides summaries of

several projects and includes recommendations for implementers.

Finally Paper 12 addresses this issue of cost effectiveness by reviewing a single project in the
Dominican Republic. To complete this analysis, the study relies on data collected in-situ
before and after the intervention to assess the potential extant exposure risk, calculate the
outcomes, and describe the intervention. The study bridges the themes of the three central
Chapters of this thesis (Exposures, Outcomes, and Mitigation), thereby providing a

conclusion.
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4.1. Paper Ten

Ericson, B., Duong, T. T., Keith, J., Nguyen, T. C., Havens, D., Daniell, W., ... & Wilson, B.
(2018). Improving human health outcomes with a low-cost intervention to reduce exposures
from lead acid battery recycling: Dong Mai, Vietnam. Environmental Research, 161, 181-
187.

Paper ten directly addresses the mitigation theme of Chapter 4. This study details and
evaluates an environmental and social intervention executed at a lead contaminated village in
Vietnam from 2013-2015. Many of the village’s population of approximately 3,000 people
were engaged in backyard lead-acid battery recycling operations. The activities resulted in
widespread contamination of the environment and severely elevated BLLs. This paper
describes a low-cost intervention targeting the most significant exposure risks. The efficacy
of the intervention was benchmarked using a range of metrics, in particular pre- and post-
intervention childhood BLLs. The demonstrable benefits of the intervention approach applied

resulted in its adoption for use in other similarly industrialized villages in the Vietnam.
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ARTICLE INFO ABSTRACT

Keywords: This study details the first comprehensive evaluation of the efficacy of a soil lead mitigation project in Dong Mai
Soil lead dust intervention village, Vietnam. The village's population had been subject to severe lead poisoning for at least a decade as a
Education

result of informal Used Lead Acid Battery (ULAB) recycling. Between July 2013 to February 2015, Pure Earth
and the Centre for Environment and Community Development (Hanoi, Vietnam) implemented a multi-faceted
environmental and human health intervention. The intervention consisted of a series of institutional and low-
cost engineering controls including the capping of lead contaminated surface soils, cleaning of home interiors, an
education campaign and the construction of a work-clothes changing and bathing facility. The mitigation project
resulted in substantial declines in human and environmental lead levels. Remediated home yard and garden
areas decreased from an average surface soil concentration of 3940 mg/kg to < 100 mg/kg. One year after the
intervention, blood lead levels in children (< 6 years old) were reduced by an average of 67%—from a median
of 40.4 ug/dL to 13.3 yug/dL. The Dong Mai project resulted in significantly decreased environmental and bio-
logical lead levels demonstrating that low-cost, rapid and well-coordinated interventions could be readily ap-
plied elsewhere to significantly reduce preventable human health harm.

House dust intervention
Used lead acid battery
Low- and middle-income countries

1. Introduction oversight the extent and severity of lead poisoning in LMICs is less well

documented but is suspected to be prevalent (Braithwaite, 2006;

In high income countries (HICs), regulatory controls, notably bans
on lead in widely used and available products (e.g. residential paint,
gasoline), have resulted in significant lowering of population blood lead
levels (Kristensen et al., 2017; Needleman, 2004; Schwartz and Pitcher,
1989). In Low and Middle Income Countries (LMICs) key sources of
environmental lead exposure include mining (both legacy and active),
used lead acid battery (ULAB) processing, and lead based ceramic
glazes, among other sources (Farias et al., 2014; Lo et al., 2012; Meyer
et al., 2008; Yabe et al., 2015). Used lead acid battery processing in
particular is known to cause significant environmental contamination
and human health exposure (Farias et al., 2014; Lo et al., 2012; Meyer
et al., 2008; Yabe et al., 2015). In the context of limited regulatory

Chatham Stephens et al., 2013; Dowling et al., 2016; Ericson et al.,
2013). Lead is a known neurotoxicant and can result in an IQ decrement
in children and cardiovascular disease in adults, among other adverse
health outcomes (ATSDR, 2007). On a societal level, lead exposure has
been associated with increased levels of aggravated assault and de
creased economic output (Gould, 2009; Mielke and Zahran, 2012
Priiss Ustiin et al., 2010).

Multiple studies have documented very high blood lead levels
(BLLs) in communities where informal ULAB processing occurs (Daniell
et al., 2015; Haefliger et al., 2009; Matte et al., 1991). This activity is
typically undertaken in residential areas and is characterized by poor or
no hazard control and migration of material offsite (Shen et al., 2016).
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A recent study has estimated that between 10,599 to 29,241 such sites
exist in 90 different LMICs, placing the health of 6 16 million people at
risk (Ericson et al., 2016). A limited number of projects have been
executed at comparable lead contaminated sites to mitigate exposures,
with most utilizing a combination of in situ and ex situ engineering
controls coupled with community education (Laidlaw et al., 2016; Pure
Earth, 2017). However, there is an absence of peer reviewed studies
evaluating the efficacy of remediation strategies at informal ULAB and
remediation more broadly in LMICs.

1.1. Study location and background

In Vietnam, informal industry including ULAB recycling is com
monly centered in ‘craft villages’. These small to medium sized areas
produce a range of consumer and industrial goods and are typically
characterized by inadequate waste management practices (Mahanty
and Dang, 2013). Craft village industrial activities are also character
istically household based, with individual homeowners often working
in concert to complete sequential tasks in the production of a single
good (Mahanty and Dang, 2013). This research focuses on the outcomes
of a multi faceted intervention to reduce lead exposures in the Dong
Mai village, Chi Dao Commune, Hung Yen Province. Dong Mai village
has been involved in ULAB recycling activities since 1978 (Tung, 2011).

The recycling process involved the collection of automotive bat
teries from outside the village, battery breaking for lead plate removal,
smelting to form new lead ingots, and manually recovering and pro
cessing the resulting waste tinker and slag for re smelting. These pro
cesses were replicated across the village with the majority of house
holds participating in some stage of the recycling process.
Consequently, the impact of the recycling activities resulted in perva
sive contamination across the whole village.

Several previous studies have described the contamination in Dong
Mai (Daniell et al., 2015; Noguchi et al., 2014; Tung, 2011). A 2006
National Institute of Occupational and Environmental Health (NIOEH)
study found elevated lead concentrations in air, wastewater and soil
(Tung, 2011). A separate effort by a Japanese research team in 2011
found severely elevated blood and urine lead levels due to occupational
exposure in adults. The study evaluated 93 individuals, including 23
children, and found an average BLL of 34 ng/dL (Noguchi et al., 2014).

The most comprehensive study of exposures to date was completed
by a joint effort of the NIOEH and the University of Washington School
of Public Health (USA) (referred to hereafter as ‘the University of
Washington’). In these assessments, lead in surface soil and dust in 11
different homes along with capillary blood samples of 109 children (age
0 10 years) were evaluated. The results revealed BLLs ranged between
12 > 65 pg/dL (the detection limit of the LeadCare® II analytical
equipment) and extensive soil contamination with two thirds of sam
ples above the USEPA reference level for bare soil in children's play are
as of 400 mg/kg (Daniell et al., 2015; EPA, 2015). For context, the
equivalent Vietnamese standard is 70 mg/kg (Vietnam, 2015). Of the
109 children evaluated 33% had BLLs of 10 29.9 pg/dL; 37%
30 44.9 ug/dL; 16% 45 64.9 pg/dL, and 14% > 65 ug/dL (Daniell
et al., 2015).

Following the 2006 NIOEH study (Tung, 2011) the People's Com
mittee of Hung Yen province established an industrial park for Chi Dao
Commune to consolidate ULAB recycling activities and extricate the
activity from Dong Mai village. The new industrial park covered
200,000 m* and was located about 1km south of the village's re
sidential areas. Subsequently, from around 2012, the majority of ULAB
industrial activity was relocated to the industrial area, although a
minority continued recycling activities in the village. About 66,000 m>
of the new industrial park is currently in use.

In 2012, Pure Earth, an international non profit organization dedi
cated to solving pollution problems in low and middle income coun
tries where human health is at risk, became aware of the site through its
Toxic Sites Identification Program (Ericson et al., 2013). From
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2013 2015 Pure Earth worked jointly with the Vietnamese Centre for
Environment and Community Development (referred to hereafter as
‘CECoD’) to assess the extent and severity of contamination and execute
a targeted intervention. The intervention was supported by national
and international organizations: the Centre for Environmental Con
sultancy and Technology of the Vietnam Environment Administration
(referred to hereafter as the ‘Environmental Administration’) (Hanoi,
Vietnam), the International Lead Management Centre (Research Tri
angle Park, USA), the University of Washington, and local community
and industry partners. This study details the intervention and assesses
its efficacy and potential for wider application in similarly impacted
LMICs, particularly where financial resources are limited.

Assessment of the key sources of lead exposure in Dong Mai in
cluded contaminated indoor dust and soils in outdoor residential and
public spaces. Soil has long been identified as a significant pathway of
lead exposure (Mielke and Reagan, 1998). Children in particular ingest
high levels of dust from soil and soil itself (Abrahams, 2002; Stanek and
Calabrese, 1995).

At the study site, a primary source of contamination was identified
as legacy waste from previous recycling activities, which because of its
scale had resulted in exposures across the village. In addition to the
legacy waste sources, ongoing recycling activities were also identified
as a secondary source of contemporary contamination. These recyclers
were engaged in manual tinker separation, battery breaking and
smelter operations. Lead dust contained on all worker's clothing was
also an important source of exposure to the workers and their families
(Daniell, 2015). A further source of contamination involved the loss of
primary lead material during its transport through the village on mo
torbikes and small trucks to the formal industrial area for processing.

2. Materials and methods

The approach employed in Dong Mai involved a series of increas
ingly detailed environmental assessments to guide targeted interven
tions. Environmental and human exposure monitoring were used to
assess their efficacy.

2.1. Environmental assessment

Assessments of environmental contamination were carried out on an
ongoing basis, beginning in December 2012 with a rapid qualitative
assessment of contamination sources and exposure pathways by CECoD
investigators. The rapid assessment confirmed earlier reports of poor
work practices including breaking and open smelting of batteries in
residential areas, lack of personal protective equipment and the storage
and transport of hazardous material in the village.

A detailed assessment of the extent of soil contamination was con
ducted by Pure Earth in May 2013. In situ surface soil lead measure
ments at 235 sites were completed over two days in residential areas
and public spaces using a handheld portable InnovX Delta series X ray
fluorescence instrument (pXRF) with a lower detection limit for lead of
5 mg/kg. The instrument was calibrated twice daily with a 316 steel
clip provided by the manufacturer. Following calibration, certified re
ference materials produced by the National Institute of Standards and
Technology (2702: Inorganics in Marine Sediment) were used to con
firm the accuracy of lead detection (Gonzalez et al., 2016). In situ pXRF
analysis has been shown to be consistent with more commonly used wet
chemistry techniques (e.g. Inductively Coupled Plasma Atomic Emis
sion Spectrometry and Inductively Coupled Plasma Mass Spectro
metry), particularly in the context of high density sampling like that
carried out here (Rouillon et al., 2017; Rouillon and Taylor, 2016).
Water samples were not collected by the assessment team as previous
data indicated this lead exposure pathway was low risk (Anh, 2008).

From September 2013 to February 2014 the Environmental
Administration conducted a qualitative assessment of every village re
sidential yard (n = 546). At that time 269 households were identified
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as having earthen yards or gardens. Investigators were unable to access
14 of these yards. The balance (n = 255) of yards were assessed in
detail with > 5 surface samples per yard analyzed using the pXRF.
Analysis of lead in soil across individual yards was evenly spaced in
order to capture acurately contamination levels in areas accessed by
residents. To assess the depth of contamination in the soils, a limited
number (n = 10) of samples from contaminated yards were assessed to
a maximum depth of 1 m.

Results of the surface soil lead testing were compiled using ESRI
ArcMap 10.5 and analyzed for proximity to roadways (ESRI, 2015).
Statistical analysis was conducted with Stata 14 (StataCorp LP, 2015).

2.2. Lead contamination mitigation

The primary mitigation work was conducted over a 4 month period
from December 2013 to March 2014. An additional phase conducting
work in 11 homes and lasting one month was executed in January
2015. The soil mitigation strategy consisted of covering contaminated
earthen yards with a geotextile fabric followed by 20 cm of compacted
clean soil and was explicitly based on the method described by Mielke
et al. (2011). Alluvial soils were procured for the capping and tested for
lead content with a pXRF and in all cases were confirmed to be < 50
mg/kg. In cases where residents opted to pay the incremental cost of
capital improvement, other materials were used in addition to the
compacted clean soil. These included paver stones and concrete.
Overall, the interventions had the same intent isolating the con
taminated soils from causing potential human exposures. Capping with
a clean layer of soil =10 cm is an internationally accepted approach to
dealing with soil lead contamination and has been used in the United
States and Australia, for example (Mielke et al., 2011; Yang and Cattle,
2017). By contrast, capping with soil <5 cm has been ineffective at
mitigating potential exposures (Harvey et al., 2016).

Due to budget constraints, mitigation work was prioritized based on
the severity of contamination. Three thresholds were set: 400 mg/kg
800 mg/kg (low priority); 800 1200 mg/kg (medium priority); and >
1200 mg/kg (high priority). The lowest value, 400 mg/kg, represents
the USEPA guideline level for bare soil in children's play areas, while
1200 mg/kg represents the USEPA guideline for bare soil where chil
dren do not play (EPA, 2015). A soil lead level of 800 mg/kg was
chosen to further stratify the homes.

Out of the 255 yards assessed in detail, the project team undertook
mitigation in 49. An additional 47 homeowners mitigated their own
yards utilizing the project's protocol. Thus mitigation work was exe
cuted in a total of 96 yards. The total area of land capped during the
project was 11,370 m> Twelve homes identified with average surface
soil concentrations between 400 800 mg/kg were not mitigated
(Fig. 1).

Home interiors were cleaned using a Pure Earth protocol developed
on previous lead exposure mitigation projects (Keith and Ericson,
2013). The protocol was translated into the Vietnamese language and
photographs of local residents were used to demonstrate cleaning ap
proaches. The project team utilized High Efficiency Particulate Air
(HEPA) vacuums in the 49 homes targeted by the project. The re
maining homes, including the 47 that capped their own yards, were
internally cleaned using the HEPA vacuums followed with spot checks
of dust by the project team with a pXRF.

In parallel with the Pure Earth intervention, a Vietnamese rural
development scheme was engaged by residents to provide co financing
for the concreting of streets in the village. As a result more than 80% of
secondary roads in Dong Mai were covered with concrete after the
project compared with none before the project.

2.3. Community education

A community education and engagement campaign covering health
risks and exposure pathways was undertaken by CECoD. The campaign
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Fig. 1. Flow chart of assessment and mitigation activities.

included a three day workshop where a USD $10 stipend was provided,
resulting in the attendance of 540 households (from a total of 546). In
addition a door to door education campaign was conducted and regular
announcements were made on the village's loudspeaker system.

2.4. Improving ULAB workshop work practices

At the beginning of the project 34 informal processors were iden
tified in the residential area of the village. These processors were in
cluded in stakeholder workshops and were prioritized for community
education activities. Other than this, they were not engaged differently
than the community as a whole.

An International Lead Management Centre representative (ilmc.org)
conducted an assessment of the formal facility and industrial zone in
September 2013 and made multiple recommendations on improving
workplace practices (Wilson, 2013). One significant outcome of the
assessment was the design and building of a ‘clean in, clean out’
changing room for workers. The purpose of the clean in clean out
changing room was to mitigate the migration of material offsite on
workers' clothing. The facility was co financed by a private smelter
owner who provided USD$15,000 in labor and a site for the new
building. The PE project provided USD$12,500 and the building design.
The importance of using the facility and a number of recommendations
for improved hygiene were covered in the community education
workshops discussed above.

2.5. Blood lead level (BLL) assessment

The University of Washington and NIOEH conducted pre and post
intervention blood lead testing in December of 2013 and September of
2014 using a LeadCare® II instrument and capillary blood samples. Two
hundred and four children (< 6 years old) were sampled at both time
points. Using US Census data for foreign countries we calculated that
10.8% of the village's estimated population of 2600, or 281 children,
fell within this age group, indicating that the study captured BLLs for
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73% of the population under 6 years of age (US Census Bureau, 2016).
The age distribution of the 2013 2014 cohort was as follows: 7% <12
months, 23% 12 24 months, 20% 24 36 months, 14% 36 49 months,
17% 48 60 months, and 19% 60 72 months at the time of the initial
test. Institutional Review Board approval was given by the Human
Subjects Division of the University of Washington and by the NIOEH
Institutional Review Committee. In May 2015 NIOEH collected a fur
ther 196 intravenous blood samples from village children (< 6 years
old), which were assessed for lead concentration using atomic absorp
tion spectrometry (NIOEH, 2015). The age distribution of the 2015
cohort was as follows: 7% <12 months, 18% 12 24 months, 28%
24 36 months, 17% 36 49 months, 12% 48 60 months, and 18%
60 72 months at the time of the test.

3. Results
3.1. Soil Lead Levels

Average soil concentrations in Dong Mai before the intervention
were 3940 mg/kg (95% CI: 1567 6312 mg/kg; median = 648 mg/kg).
Yards assessed in detail are represented by their average concentration
and are labeled as ‘Composite’ (Fig. 2). The contamination resulted
from multiple hotspots occurring sporadically throughout the village
rather than a single source. No association could be identified between
surface level lead concentrations and proximity to roads. Samples taken
within 3 m of a roadway averaged 3774 mg/kg; samples between 3 and
10 m of a roadway averaged 5391 mg/kg, while those more than 10 m
from a road averaged 2505 mg/kg. Contamination was evident in
deeper soils and in some cases increased with depth. This finding was
consistent with anecdotal evidence that much of the village had been
constructed upon slag infill.

Detailed household assessment work undertaken by the
Environmental Administration showed that 34 of the 546 homes in the
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Pure Earth, NY, NY (USA)

Fig. 2. Surface soil lead concentrations before the intervention. Samples with crosshairs indicate
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village had active ULAB processing before the project. Just over 50% of
all homes (269) had earthen yards and approximately 25% (108) had
average surface soil concentrations below 400 mg/kg. A smaller
number of homes exceeded the following surface soil concentrations:
400 800 mg/kg (37 homes); 800 1200 mg/kg (20 homes); > 1200
mg/kg (51 homes).

At the close of the project, average surface soil lead concentrations
in all 96 targeted yards were confirmed to be below the cleanup
threshold value of 100 mg/kg. A 2016 pXRF survey of 20 randomly
selected points throughout the village was unable to identify lead in
surface soils above the instrument detection limit of 5 mg/kg. A de
tailed survey of yards after the project was not undertaken.

3.2. Improving ULAB workshop work practices

At the start of the project 34 homes were actively processing bat
teries in the residential area. A 2016 survey revealed that all processors
had either closed or had relocated to the new industrial area.
Unfortunately, the same survey also revealed under utilization of the
changing room, with most workers preferring to change and bathe at
home.

3.3. Blood Lead Levels

The BLLs of 204 Dong Mai children aged 0 6 years were obtained at
the beginning of the intervention in December 2013 and six months
after its completion in September 2014 with the LeadCare® II
Assessment of BLLs before and after the intervention revealed median
blood lead concentrations that decreased by 37%, from 40.35 pg/dL
(IQR = 30 59.2) to 25.35 pg/dL (IQR = 19.05 36.85), indicating the
intervention helped lower children's lead exposures. Of the 204 chil
dren tested, 86% had decreased BLLs (n = 176), 3% showed no change
(n = 7), and 14% had increased BLLs during this time period (n = 21).

Pb (mg/kg) ®  Composite*

® 12-400 * Composit pl pi it the
average concentration of 5 or more

O 401-800 point samples taken in residential
yards. Latitude and longitude were

©  801-1200 ded for the approxi center

® >1200 of each yard only.

sidential yard averages consisting of 5 or more point samples.
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Fig. 3. Results of blood lead levels (BLL) analysis of Dong Mai children (< 6 years) before
and after the intervention. Assessment of post remediation BLLs in May 2015 showed
exposures were statistically lower than pre-remediation values collected in December
2013 (t(192) = 21.3511, p < .0005).

The effectiveness of the intervention was benchmarked by addi
tional blood lead analysis in 2015 that comprised 196 children aged
0 6 years, which found further declines in exposures. The median of
samples analyzed in 2015 was 13.3 ug/dL (IQR = 7.1 19.8), down
from 40.35 pg/dL in December 2013 and 26.35 png/dL in September
2014. Importantly, when comparing the 2015 analysis to the results
2013 and 2014 data, it is worth noting that the most recent data were
derived from analysis of blood using atomic absorption. The 2013 and
2014 analyses were conducted using a LeadCare” II. Fig. 3 summarizes
graphically the stepped reduction in blood lead levels from assessments
between 2013 and 2015.

Forty nine (24%) of the children assessed in 2013 had BLLs ex
ceeding the upper detection limit of the LeadCare® II device (65 pg/dL).
This number decreased to 11 (5%) in 2014 and 0 in 2015. Because of
the large number of children above the upper detection limit in 2013
the median presented for that year is likely much lower than the actual
population wide median.

4, Discussion

It is well established that lead exposure can result in a number of
lifelong health and socioeconomic outcomes including cardiovascular
disease, intellectual disability and reduced lifetime earnings (ATSDR,
2007; Lanphear, 2015; Reuben et al., 2017). Other studies have found
an association between environmental lead exposure and societal vio
lence (Mielke and Zahran, 2012). In NIOEH's (2015) report on blood
lead levels in Dong Mai, they indicate that 16.7% of the children tested
showed signs of mental illness, defined as mental retardation, attention
deficit hyperactivity, low development of language skills or having
difficulties with studying. Pediatric lead exposure is a well established
risk factor for these important childhood morbidities (e.g. Baghurst
et al., 1992; David, 1976; David et al., 1972; Dietrich et al., 1993;
Grandjean and Landrigan, 2006; Lanphear et al., 2005).

In the most severe cases, acute lead poisoning can be fatal. A major
lead contamination event in Senegal in 2010 from informal recycling of
car batteries resulted in the death of 20 children (Haefliger et al., 2009).
A separate event in the Zamfara state of Nigeria in 2012 resulted in the
death of more than 500 children in 2012 (Lo et al., 2012). While there
were no reported deaths in Dong Mai attributable to lead pollution,
chronic lead poisoning can also result in increased morbidity and
mortality from a range health effects including cardiovascular disease
(Fewtrell et al., 2003). Aerial deposition of lead from previous leaded
gasoline emissions globally has been estimated to be responsible for
nearly 500,000 excess deaths annually (Forouzanfar et al., 2016). Lead
is highly immobile in the environment and likely to remain in surface
soils where exposure can continue to occur (Komarek et al., 2008;
Kabala and Singh, 2001; Semlali et al., 2004). Therefore without phy
sical intervention, lead contaminated sites in residential environments
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will continue to pose a risk to human health indefinitely. In the case of
informal ULAB sites in LMICs, there is a need to develop cost effective
intervention strategies that can be employed using local resources. The
magnitude of contamination from ULAB is a major global problem with
an estimated 10,599 to 29,241 sites across 90 different LMICs, posing a
risk of harm to the health of between 6 and 16 million people (Ericson
et al., 2016).

Resources to execute lead exposure mitigation projects in LMICs are
typically limited. Gross National Incomes per person in this income
group are below USD $12,475 and no existing multilateral agreement to
