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Perspective

Risk Analysis Approaches to Evaluating Health Impacts
from Land-Based Pollution in Low- and Middle-Income
Countries

Pamela R. D. Williams,1,∗ Katherine von Stackelberg ,2 Mayra Gabriela Guerra Lopez,3

and Ernesto Sanchez-Triana3

Risk analysis offers a useful framework for evaluating and managing environmental health
risks across different settings. In this Perspective, we question whether the principles and
practice of risk analysis could be beneficial in the context of land-based pollution in low- and
middle-income countries (LMICs) to better support risk-based decision making. Specifically,
potential health and economic impacts from land-based pollution in LMICs has become an
increasing issue of concern due to widespread environmental contamination from active and
legacy operations, particularly informal activities that are becoming increasingly dispersed
throughout communities, such as used lead acid battery recycling, artisanal and small-scale
gold mining, and small-scale tanneries. However, the overall magnitude and scale of the pub-
lic health problem arising from these sources remains highly uncertain and poorly character-
ized and cannot be compared to land-based pollution in high-income countries due to unique
factors. This lack of knowledge has negatively affected the political priority and level of fund-
ing for risk mitigation actions targeting land-based pollution in these countries. Our primary
objective is to raise further awareness of this emerging issue among risk analysts and deci-
sionmakers and to advocate for more robust and focused research. Here, we highlight the
types of industries and activities contributing to land-based pollution in LMICs and describe
key findings and knowledge and data gaps that have hindered a fuller understanding of this
issue. We also discuss how several risk assessment and risk management approaches might be
useful in this resource-constrained context. We conclude that a combination of risk analysis
approaches may be worthwhile, but more work is needed to determine which methods or
tools will be most informative, technically feasible, and cost-effective for identifying, priori-
tizing, and mitigating land-based pollution in LMICs. Affected researchers, funding agencies,
and local or national governments will need to work together to develop improved study
designs and risk mitigation strategies.
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1. INTRODUCTION: RISK ANALYSIS IN THE
CONTEXT OF LAND-BASED POLLUTION
IN LOW- AND MIDDLE-INCOME
COUNTRIES

Risk analysis offers a useful framework for eval-
uating and managing environmental health impacts
in different settings, including communities living
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near local sources of contamination. In many low-
and middle-income countries (LMICs), land-based
pollution from both active and legacy operations has
become an increasing issue of health and economic
concern (Landrigan et al., 2018; Pure Earth & Green
Cross Switzerland, 2016; Yáñez et al., 2002). Al-
though this includes traditional point sources, such
as mining and smelting, there are a growing num-
ber of nonpoint sources located within and through-
out local communities, such as used lead acid bat-
tery (ULAB) recycling, artisanal and small-scale gold
mining (ASGM), and small-scale tanneries. Children
are especially vulnerable to environmental hazards
in LMICs and frequently serve as a source of labor,
such as picking up waste in disposal and recycling
sectors, helping to dismantle and wash used battery
components, and participating in all stages of ASGM
ranging from ore extraction to processing and burn-
ing (Ogola et al., 2002; Sly et al., 2019; World Health
Organization [WHO], 2016, 2017). Hundreds of cases
of acute lead poisonings and deaths among chil-
dren have been documented in Senegal, West Africa
and Zamfara State, Nigeria due to local ULAB
and ASGM activities (Jones, Diop, Block, Smith-
Jones, & Smith-Jones, 2011; Lo et al., 2012). How-
ever, the overall magnitude and scale of the pub-
lic health problem associated with land-based pollu-
tion in LMICs remains highly uncertain and has not
been well characterized, particularly with respect to
chronic exposures.

Global burden of disease studies project that en-
vironmental and occupational risks account for mil-
lions of premature deaths and disability adjusted life
years, particularly in LMICs, but these estimates are
based on a limited number of risk factors and risk-
outcome pairs and do not include risks attributable
to land-based pollution (Landrigan et al., 2018;
Prüss-Ustün & Corvalán, 2007; Prüss-Ustün, Vickers,
Haefliger, & Bertollini, 2011; Prüss-Ustün, Wolf, Cor-
valán, Bos, & Neira, 2016; Shaffer et al., 2019; Stan-
away et al., 2018). A limited number of studies have
attempted to calculate the disease burden from lead
or other pollutants associated with toxic waste sites in
LMICs (Caravanos et al., 2016; Caravanos, Chatham-
Stephens, Ericson, Landrigan, & Fuller, 2012;
Chatham-Stephens et al., 2013; Chatham-Stephens,
Caravanos, Ericson, & Landrigan, 2014; Ericson
et al., 2016). However, these studies are based on in-
complete and potentially biased sampling data and
rely extensively on professional judgment, which may
significantly underestimate or overestimate poten-
tial risks. Lack of knowledge about the actual health

and economic impacts of land-based pollution in
LMICs has negatively affected the political priority
and level of funding for risk mitigation actions tar-
geting such pollution. In contrast, much attention
has been paid by the World Bank and others on
long-standing areas of environmental concern, such
as air pollution (Awe et al., 2015; Croitoru, Chang,
& Kelly, 2020; Larsen, 2019; Ostro et al., 2018).
The disproportionate focus on certain pollutants and
sources in LMICs can lead to public policy and risk
management decisions that not only reinforce ex-
isting beliefs about priority concerns but may also
preclude attainment of tangible public health gains
from other high-risk areas. A more systematic frame-
work is needed to efficiently identify, prioritize, and
manage environmental risks in resource-constrained
contexts.

Can the principles and practice of risk analysis
beneficially be applied to this context? In this Per-
spective, we explore the state-of-the-science around
studies that attempt to quantify the relationship
between sources of land-based pollution and com-
munity exposures and health outcomes in LMICs,
with the goal of identifying data gaps and research
needs to better inform decision making. First, we pro-
vide an overview of the literature and contaminated
site inventories to highlight the types of activities
leading to increased land-based pollution in LMICs
and to describe key findings and knowledge and data
gaps that have hindered a fuller characterization of
human exposures and health impacts in these set-
tings. An improved understanding of what is known
and unknown and where additional information
would be useful can lead to better data collection
efforts and risk management decisions. Second, we
discuss the advantages and limitations of several risk
assessment and risk management approaches that
could be applied to this issue in the short or longer
term, but which will require further consideration
and input by affected researchers, funding agencies,
and local or national governments. Our primary ob-
jective is to raise further awareness of this emerging
issue among risk analysts and decisionmakers and to
advocate for more robust and focused research. Ul-
timately, we seek to address the following question,
which reflects a classic risk analysis dilemma: What, if
anything, should public policy and decisionmakers do
about land-based pollution in LMICs given limited
information and resources, significant data gaps, and
uncertain risks? The methods and tools that under-
pin the risk analysis profession and practice may be
well-suited for providing an answer.
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2. SOURCES OF LAND-BASED POLLUTION
IN LMICS

Examples of the types of industries or activities
that are contributing to land-based pollution in
LMICs are presented in Table I. An unique feature
of some activities is their proximity to public housing
and level of community engagement, such as the
dismantling and recycling of used car batteries by
small family groups in domestic backyards, including
in densely populated urban areas, or the highly labor
intensive processing of gold ore by children and
adults inside poor and remote villages (Lo et al.,
2012; WHO, 2017). Other types of operations that
may have similar or different attributes include haz-
ardous waste disposal, e-waste recycling, stockpiling
of obsolete pesticides, and shipbreaking activities
(Dasgupta, Meisner, & Wheeler, 2010; Devault, Beil-
vert, & Winterton, 2017; Grant et al., 2013; World
Bank, 2012; Yáñez et al., 2002).

Common pollutants encountered by populations
living near or among these LMIC activities include
lead, mercury, chromium, and other heavy metals.
Exposure pathways are variable and site-dependent
but frequently include the ingestion of contaminated
dust, soil, water, fish, or other local foods as a result
of settled dust, take-home exposures, waste releases,
or wastewater discharges. Direct inhalation of partic-
ulates, fumes, volatile organic compounds, or fugitive
dust can also occur depending on the activity. Con-
taminated soil and household dust are particularly
important sources of exposure for young children
who spend a lot of time in one place, tend to play on
the ground, and have frequent hand-to-mouth activ-
ity (WHO, 2010). Dermal exposures may be of con-
cern for chemicals that are readily absorbed through
the skin. Similar exposure routes and pathways have
been observed at industrial or contaminated sites in
high-income countries (HICs) (U.S. Environmental
Protection Agency [U.S. EPA], 1989).

However, environmental exposures from soil
and dust ingestion and dust inhalation are anticipated
to be greater for children and women in many LMICs
compared to developed countries due to different
features of the local environment, housing character-
istics, or unique behaviors and activity patterns. For
example, Lo et al. (2012) noted that because of bare
soil flooring, unpaved roads, and lack of vegetative
cover, children living in villages in Zamfara State,
Nigeria were likely to interact with the soil in their
environment more closely and frequently than chil-
dren in the United States. Cheyns et al. (2014) also

noted that children’s ingestion of dust was likely to
be much higher in rural and even some urban areas in
Africa, including the African Copperbelt (Katanga,
Democratic Republic of Congo), because roads and
home yards were generally not covered by hard
material and most dwellings did not have hard floors.
These authors reported that 74% of schoolchildren in
Lusaka, Zambia were found to engage in geophagy
(i.e., deliberate eating of soil or earth, typically clay),
with a mean daily soil ingestion rate of 25,000 mg/day.
Msoffe, Nyanza, Thomas, Jahanpour, and Dewey
(2018) further noted that the prevalence of geophagy
was as high as 70% in sub-Saharan Africa, with soil
consumption reaching 50,000 mg/day, and 28−46%
of pregnant women surveyed in Tanzania ate dried
soil sticks (called pemba). Nemery and Nkulu (2018)
concluded that default values commonly used for
estimating soil and dust ingestion in industrially de-
veloped countries (50 mg/day for adults, 100 mg/day
for children) may be far too low in LMIC regions.
According to the U.S. EPA (2011), geophagy is an
extremely rare behavior in the United States. Only
one study conducted in rural Mississippi in the 1970s
was found, in which the prevalence of geophagy was
reported to be 57% among women in one survey and
28% among pregnant women in another survey.

Health effects of greatest concern associated
with exposures from LMIC activities, especially for
children, relate to developmental and neurological
damage such as reduction in IQ and developmen-
tal delays. The literature shows that poor children
are more likely to have iron or calcium deficient di-
ets, and as a result, they may absorb metals such
as lead more efficiently (WHO, 2010). Diminished
cognitive function in children from lead exposures
in LMIC populations has been documented (Solon
et al., 2008). Metals such as hexavalent chromium,
cadmium, and arsenic are also associated with cancer
effects.

3. KEY FINDINGS BASED ON LITERATURE
REVIEW

A limited review of the literature using Google
Scholar and PubMed and searching the Pure Earth
website (https://www.pureearth.org) and selected
environmental and health journals was conducted to
assess what is currently known about the health im-
pacts associated with land-based pollution in LMICs.
The literature search focused primarily on studies
conducted in LMICs that contained environmental
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sampling, household survey, biomonitoring, and/or
health outcome data associated specifically with the
types of industries or activities mentioned above.
Pure Earth’s Toxic Sites Identification Program
(TSIP), which contains an inventory of over 5,000
contaminated sites across 50 LMIC countries (1,800
with onsite screening and testing), was also reviewed
along with publications utilizing this database.
Broader regional or national evaluations that did
not allow for contaminant source apportionment
(i.e., attribution of exposures or risks to land-based
pollution) were not considered.

More than 60 studies conducted in LMICs were
reviewed; only about half of these contained the
stated information of interest (see Table SI). The
following sections describe key findings, including
knowledge and data gaps, based on this review. Al-
though we are not aware of a specific “gold standard”
for evaluating these studies in the current context, we
highlight areas where major shortcomings are obvi-
ous or improvements can aid in future risk analysis
efforts.

3.1. Study Representativeness

Ensuring the representativeness of a study is a
critical component of any risk analysis. To achieve
this objective at contaminated sites, U.S. EPA (1989a,
2002) recommends a purposive, random, or system-
atic sampling strategy. We found several examples in
the literature where these strategies have been em-
ployed to identify environmental sampling locations
or select study participants in LMICs. For exam-
ple, Nyanza, Dewey, Thomas, Davey, and Ngallaba
(2014) used grid sampling to select cassava farms and
identify soil sampling locations in an ASGM village
in Tanzania. Bartrem et al. (2014) used random sam-
pling and systematic grid sampling to identify homes
and select soil sampling locations in ASGM process-
ing villages in Zamfara State, Nigeria. Petrosyan et al.
(2003) and Grigoryan et al. (2016) also used random
sampling to identify soil sampling locations and select
children living in communities located near metal
mining and smelting industries in Northern Armenia.

Many of the studies reviewed, however, did not
provide adequate details about the study design or
relied on targeted or convenience sampling, which
may not yield representative results. For example,
the TSIP database of contaminated sites in LMICs is
based on targeted “hot spots” in which a small num-
ber of samples are collected from areas perceived to
have the highest concentrations rather than follow-

ing a random or systematic sampling protocol (Black-
smith & Green Cross Switzerland, 2012; Caravanos
et al., 2012; Caravanos, Fuller, & Robinson, 2014;
Dowling, Ericson, Caravanos, Grigsby, & Amoyaw-
Osei, 2015; Ericson, Caravanos, Chatham-Stephens,
Landrigan, & Fuller, 2013). Although recent guid-
ance recommends a more robust sector-based sam-
pling approach for this program (Pure Earth, 2019),
prior studies utilizing the TSIP database rely on his-
torical sampling data (Caravanos et al., 2012, 2016;
Chatham-Stephens et al., 2013, 2014; Ericson et al.,
2016).

Studies demonstrating unusually high blood
lead levels among children living near a ULAB
disposal site in Senegal, west Africa (39.8−613.9
µg/dL), gold-ore processing villages in Zamfara
State, Nigeria (<3.3 µg/dL to >65 µg/dL), and an
abandoned lead mine and smelters in Kabwe, Zam-
bia (13.6 µg/dL to >65 µg/dL) are also based on
biological samples collected from children living in
areas known to be highly contaminated with lead or
from sick children, siblings of deceased children, or
children actively participating in gold ore processing
rather than a representative sample of the population
(Caravanos et al., 2014; Jones et al., 2011; Lo et al.,
2012). Biomonitoring studies of residents living near
highly contaminated mining and smelting areas in
the southeast of the Democratic Republic of Congo
(Banza et al., 2009; Cheyns et al., 2014) and children
residing in an automobile battery smelting craft
village in the Red River Delta of Vietnam (Sanders,
Miller, Nguyen, Kotch, & Fry, 2014) are similarly
based on convenience samples and residents living
in close proximity to pollution sources.

It is unclear to what extent these types of findings
are informative for analyzing exposures and risks
across the population at these sites. A general lack
of census data at the local level, including different
age/sex groupings, also hinders robust estimates of
the size of the population (especially children) at risk,
which is ultimately needed for estimating disease bur-
den.

3.2. Extent of Environmental Contamination

Quantifying concentrations and delineating
boundaries associated with environmental contam-
ination can be problematic for risk analysts due to
spatial and temporal differences. Although sampling
protocols vary widely, many of the studies reviewed
noted a significant inverse relationship between
contaminant levels and distance from the source. For
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example, at a ULAB disposal site in Senegal, west
Africa, the highest soil lead concentrations (up to
200,000 mg/kg) were found in areas closest to where
recycling activities had taken place (Jones et al.,
2011). Similarly, higher soil lead concentrations were
found near housing units in Northern Armenia lo-
cated closest to a metal smelter, with closer housing
distance identified as a major risk factor associated
with 22−29% higher blood lead levels in children
(Grigoryan et al., 2016; Petrosyan et al., 2003). In
this study, the combined mean (maximum) lead con-
centration in the town of Alaverdi was 493 (1,134)
mg/kg in yard soils, 771 (2,642) mg/kg in exterior
loose dust, and 142 (554) mg/ft2 in indoor floor dust
(compared to the U.S. EPA standard of 400 mg/kg
for bare soil in children’s play areas and 40 mg/ft2

for lead loading in residential floor dust). Heavy
metal concentrations in roadside surface dust were
also found to be significantly higher around an active
versus inactive smelter in northern Mexico, with
all measured concentrations decreasing exponen-
tially with distance from the source (Benin, Sargent,
Dalton, & Roda, 1999). In this study, median dust
concentrations near the active smelter in Torreón
were 113 µg/g, 112 µg/g, and 2,448 µg/g for arsenic,
cadmium, and lead, respectively (compared to U.S.
EPA cleanup goals of 5−65 µg/g, 3−20 µg/g, and
200−500 µg/g, respectively). Areas or villages close
to lead–zinc mining sites in Jiangsu Province, China
(Qu et al., 2012) and ASGM activities in northwest-
ern Tanzania (Nyanza et al., 2014) were similarly
found to have the heaviest pollution levels. These
findings underscore the importance of accounting for
spatial and temporal differences when evaluating the
extent of environmental contamination in LMICs.

Not all of the studies reviewed, however, ac-
counted for different exposure profiles in the popu-
lation. In particular, studies utilizing data collected
at targeted or “hot spot” locations were unlikely
to reflect the distribution of exposures among res-
idents living near or around sources of contam-
ination. Determining the fraction of the popula-
tion exposed is therefore a major challenge for
risk analyses in these settings. The use of differ-
ent sampling and analytical methods also increases
measurement uncertainty and may hinder compar-
isons of pollutants across sites. For example, a
portable x-ray fluorescence instrument, which is com-
monly used in field studies conducted in LMICs,
was found to underestimate lead values by 30–50%
compared to laboratory analysis (Bartrem et al.,
2014). Unknown site-specific characteristics, such as

soil bioaccessibility and chemical bioavailability, can
also impede comparisons across sites and activities
(European Commission, 2013; Paustenbach, Bruce,
& Chrostowski, 2006; Stokes, Paton, & Semple,
2006).

3.3. Multipollutant Exposure Pathways

Multiple pollutants from LMIC activities are
typically found in different environmental media,
leading to a host of exposure pathways for consid-
eration in a risk analysis. Compounding this issue
is the fact that there may be multiple sources of
any given pollutant in an area including naturally
occurring ones (Fasinu & Orisakwe, 2013). For ex-
ample, common sources of lead exposures in LMICs
include mining and smelting operations and other
activities (e.g., ULAB recycling), paint, gasoline,
fertilizers, toys, cosmetics, and cultural practices
(Boseila, Gabr, & Hakim, 2004; Han, Guo, Zhang,
Liao, & Nie, 2018; Kordas, Ravenscroft, Cao, &
McLean, 2018; Riddell et al., 2007; von Schirnding
et al., 2003; Wright, Thacher, Pfitzner, Fischer, &
Pettifor, 2005). In Northern Pakistan, drinking water
contaminated with heavy metals is attributed to both
geologic and anthropogenic sources (Khan et al.,
2013a, 2013b; Muhammad, Shah, & Khan, 2011). The
challenge for risk analysts is source apportionment,
that is, which exposures are attributed to land-based
pollution?

Many of the studies reviewed considered only a
single pollutant and limited subset of environmental
media and exposure pathways. For example, the TSIP
database includes the key pollutant identified at each
site, which is usually lead or mercury in soil or wa-
ter (Caravanos et al., 2012; Ericson et al., 2013; Pure
Earth, 2019). Targeted studies of lead contamination
at several locations in Africa also only tested for lead
in samples of soil and dust (Caravanos et al., 2014;
Jones et al., 2011; Lo et al., 2012). Only cobalt was
measured in soil, indoor dust, drinking water, and
locally grown food in an evaluation of metal min-
ing and smelting sites in the Democratic Republic
of Congo (Cheyns et al., 2014). Similarly, mercury
was the only pollutant analyzed in soil, sediment, wa-
ter, and fish samples collected from ASGM activ-
ities in Sulawesi and Central Kalimantan, Indone-
sia (Castilhos et al., 2006; Limbong, Kumampung,
Rimper, Arai, & Miyazaki, 2003; Rodrigues-Filho
et al., 2004). Owing to selective sampling, the pol-
lutants and exposure pathways identified as posing
the greatest risk from land-based pollution in LMICs
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may not, in fact, be accurate. The over-representation
of certain pollutants and pathways in the TSIP
database has been acknowledged (Pure Earth,
2019).

We identified very few studies that included a
detailed conceptual site model or geospatial map-
ping depicting relevant pollutant sources, releases,
transport mechanisms, and exposure pathways. We
also found minimal evidence that all completed ex-
posure pathways were being considered in these
studies. These are common practices in risk anal-
yses of contaminated sites in the United States
(Agency for Toxic Substances and Disease Registry
[ATSDR], 2005; Mayer & Greenberg, 2005; U.S.
EPA, 1989b), which would also be beneficial in this
context.

3.4. Exposure Assessment and Exposure Factors

Exposure assessments often rely on a scenario-
evaluation approach in which measured and/or
modeled concentrations in environmental media are
coupled with intake rates and other exposure factors
to estimate intake or dose (U.S. EPA 1989b, 1992,
2011, 2019). Risk analysts frequently use this method
to identify influential exposure pathways, determine
source apportionment, and quantify cancer and
noncancer risks. This approach was utilized in a
small number of the studies reviewed. For example,
Rodrigues-Filho et al. (2004) and Castilhos et al.
(2006) estimated the daily intake of mercury from
fish consumption to range from 0.24 µg/kg-day to
0.46 µg/kg-day in two ASGM areas in North Sulawesi
and Central Kalimantan, Indonesia using site-specific
fish sampling data and population-specific fish inges-
tion rates. Qu et al. (2012) also estimated the average
daily intake of 10 metals from ingestion, inhalation,
and dermal routes in three villages located near a
lead–zinc mining area in Jiangsu Province, China
using site-specific air, water, soil, and food sampling
data and population-specific intake rates for drinking
water and food consumption. The following primary
pollutants and exposure pathways were identified
in this study: lead (soil ingestion, food intake, and
inhalation of indoor air), cadmium (dermal contact
with soil and inhalation of indoor air), and mercury
(food intake and inhalation of indoor air). Similarly,
Cheyns et al. (2014) estimated the daily intake of
cobalt among children and adults living near metal
smelters and a copper–cobalt mine in the Democratic
Republic of Congo using site-specific food, water,
and dust sampling data and population-specific

intake rates for food consumption. The estimated av-
erage total cobalt intake for adults in this study was
63 µg/day in the control area, 94 µg/day in the lake-
side villages, and 570 µg/day in the polluted areas.

However, most of the studies reviewed did not
attempt to estimate population exposures in this
manner. The reason is unclear but may be driven by
unfamiliarity with this approach or lack of data for in-
take rates and other exposure factors, some of which
could easily be obtained as part of household sur-
veys that are frequently administered in these stud-
ies. In particular, population-specific data on soil and
dust ingestion rates, inhalation rates, dermal load-
ing and absorption rates, and body weight are sparse
in LMIC settings and those derived in developed
countries may not be applicable here (Stanek & Cal-
abrese, 2000; U.S. EPA, 2011). Although some of
these variables may not vary substantially across pop-
ulations and would have little overall effect on esti-
mates of exposure (e.g., inhalation rates), other fac-
tors such as soil and dust ingestion are likely to vary
greatly among different populations and could have a
notable impact on exposure estimates. For example,
Cheyns et al. (2014) concluded that the uncertainty
in dust ingestion rates in the African Copperbelt has
a high impact on estimated cobalt exposures in pol-
luted areas; these authors estimated that increasing
dust ingestion from 200 mg/day to only 1,000 mg/day
would increase the average cobalt intake for children
from 334 µg to 605 µg, with geophagy having an even
larger effect.

We also found little attempt to apply or adapt
well-established fate and transport or exposure mod-
els to communities located near LMIC activities (En-
vironment Agency, 2009; U.S. EPA, 2019; Williams
et al., 2010). One notable exception is several dis-
ease burden studies conducted in LMICs that used
U.S. EPA’s Integrated Exposure Uptake Biokinetic
Model and Adult Lead Model to predict blood lead
levels in children and adults, respectively (Cara-
vanos et al., 2012, 2016; Chatham-Stephens et al.,
2013, 2014; Ericson et al., 2016). These studies pre-
dict excessive blood lead levels and corresponding
health impacts for populations living near sources of
lead contamination in LMICs. These findings, while
thought provoking, are highly uncertain because they
rely on limited and potentially biased soil sampling
data taken from the TSIP database and default val-
ues derived in developing countries for most model
inputs. Further development and use of existing mod-
els in LMIC settings is recommended for future risk
analyses.
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3.5. Biomonitoring Data

Biomonitoring provides an estimate of internal
dose by measuring chemicals or metabolites in hu-
man tissues or fluids (National Research Council
[NRC], 2006; Centers for Disease Control & Preven-
tion [CDC], 2009; U.S. EPA, 2012). This approach is
best suited for detecting chemicals that persist in the
body, such as heavy metals, so is particularly valuable
for risk analyses conducted in LMIC settings (Basu
et al., 2018; Nemery & Nkulu, 2018). Although the
study designs and methods differ greatly, a number
of the studies reviewed show significant exposures
occurring in some populations based on biomonitor-
ing. For example, all sampled children living near an
automobile battery smelting site in the Red River
Delta of Vietnam had blood lead levels above the
CDC guideline level of 5 µg/dL, with 80% having
levels higher than 10 µg/dL and 25% having levels
above 45 µg/dL (level of recommended medical
intervention or chelation therapy), and reducing the
distance to the nearest active smelter by half was
associated with a 116% increase in blood lead levels
(Sanders et al., 2014). The children in this study also
had substantially higher average (maximum) levels
of lead, manganese, and mercury in toenail samples
compared to other countries (including the United
States) of 157 (1,120) µg/g, 7.41 (18.9) µg/g, and 2.63
(32.6) µg/g. Residents living very close (<3 km) to
active and former metal mining and smelting sites
in the Democratic Republic of Congo had signifi-
cantly higher urinary concentrations of cobalt and
some other metals than residents living moderately
close (3–10 km) from the mining area and these
levels greatly exceeded background values from the
United States (Banza et al., 2009). In this study,
urinary concentrations of cobalt exceeded 15 mg/g
creatinine (occupational limit value) in 53% of the
subjects (including 87% of children) living very close
to the mining areas, whereas urinary arsenic levels
exceeded 10 mg/g creatinine (upper limit for nonoc-
cupationally exposed people) in 79% of the subjects.
Similarly, pregnant women living near ASGM areas
in Northern Tanzania had significantly higher urinary
arsenic and blood mercury levels than women living
in non-ASGM areas, and these levels often exceeded
published biomonitoring reference values (Nyanza
et al., 2019a). In this study, 25% of pregnant women
from ASGM areas had urinary arsenic levels above
15 µg/L and 75% had blood mercury levels above
0.8 µg/L, which were the lowest human biomon-
itoring reference values established for children

by the German Environmental Survey for Human
Biomonitoring.

However, as noted in the literature, biomonitor-
ing data are negligible or absent in many countries in
Africa and Central Asia (Kordas et al., 2018; Shaffer
et al., 2019). Challenges and data quality issues
associated with collecting and analyzing biological
samples in LMICs, which can be labor and resource
intensive, have also been identified (Basu et al., 2018;
Kordas et al., 2018; Nemery & Nkulu, 2018). Less in-
vasive methods, such as dried blood spots instead of
venous blood samples, are currently being explored
for use in these settings (Nyanza et al., 2019b). Dif-
ferent sampling and analytical methods, coupled with
limited health benchmarks such as biomonitoring
equivalents (Aylward, Kirman, Schoeny, Portier, &
Hays, 2013; Hays, Becker, Leung, Aylward, & Pyatt,
2007), further hinders the interpretation of biomon-
itoring results. Additionally, biomonitoring data do
not yield any information on source apportionment
or the relative contribution of different exposure
pathways. It is therefore not possible to determine
to what extent land-based pollution in LMICs con-
tributes to population exposures or risks relative to
other sources based solely on biomonitoring data.

3.6. Health Outcomes and Health Impacts

Health professionals and risk analysts may eval-
uate health outcomes based on self-reported symp-
toms, clinical examinations, and/or medical diag-
noses informed by standardized tests or procedures.
Various techniques exist for obtaining objective indi-
cators of early childhood development (NRC, 2008).
Several of the studies reviewed attempted to directly
assess health outcomes in children or adults living
near or among LMIC activities, although different
measurement tools or diagnostic criteria were used.
For example, Bose-O’Reilly et al. (2008, 2010) found
that children and adults living and working in ASGM
areas in Indonesia had significantly greater symp-
toms of mercury intoxication (such as excessive sali-
vation, metallic taste in mouth, bluish discoloration
of gums, abnormal reflects, ataxia, and sleeping dis-
turbances) and performed worse on some neuropsy-
chological tests than a similarly matched control
population. Marques, Marques, Bernardi, Abreu,
and Dorea (2015) also reported significant sex differ-
ence in neurodevelopment among preschool children
and toddlers living in an open-pit tin-ore mining set-
tlement in Rondonia, Brazil, with boys showing more
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sensitivity-related developmental delays than girls,
although prior evaluations of this cohort failed to
find any significant correlations between family fish
consumption, children’s mercury hair concentrations,
and children’s linear growth or neurodevelopment
(Dórea, Marques, & Abreu, 2014; Marques et al.,
2012). Additionally, Thakur et al. (2010) found signif-
icantly higher spontaneous abortions and premature
births, a higher prevalence of stillbirths, and signif-
icantly higher delayed milestones, language delays,
and gastrointestinal and other health morbidities
(such as mottling of teeth, and blue line on gums) in
village areas affected by heavy metal and pesticide
pollution from major wastewater drains in Punjab,
India compared to a control group.

Most of the studies reviewed, however, did not
include any type of health outcome measurements.
This may be driven by the expertise and resources
needed to perform such tests, including the devel-
opment or validation of country-specific diagnostic
tools. Most studies reviewed were also unable to link
self-reported or observed health effects to environ-
mental contamination from particular activities at a
site because of potential confounding factors. That
is, nutritional deficiencies, comorbidities, lifestyle
behaviors, and socioeconomic factors have been
found to affect contaminant uptake and contribute
to increased vulnerability or susceptibility in LMIC
populations (Caravanos et al., 2013; Falk, 2003;
Kordas et al., 2018; Nweke & Sanders III, 2009; Sly
et al., 2019; WHO, 1995; Xie et al., 2013). In studies
of children and toddlers living in an open-pit tin-ore
mining settlement in Rondonia, Brazil, Dórea et al.
(2014) and Marques et al. (2012) concluded that
co-exposures to other unmeasured stressors, such as
poor housing, hygiene conditions, nutritional status,
levels of poverty, social isolation, and home neglect,
had likely confounded the effects of methylmercury
exposures from fish on neurodevelopment in this
population.

In lieu of directly measuring health effects, well-
established risk assessment methods are available
for estimating cancer and noncancer risks at con-
taminated sites (NRC, 1983, U.S. EPA, 1989b, 2000;
Williams & Paustenbach, 2002). ais a particularly use-
ful approach for situations involving mixed chemi-
cal exposures or health effects having a long latency
period or requiring specialized diagnostic tools. A
small number of the studies reviewed utilized this ap-
proach (Castilhos et al., 2006; Obiri, Dodoo, Okai-
Sam, Essumang, & Adjorlolo-Gasokpoh, 2006; Qu
et al., 2012; Rodrigues-Filho et al., 2004), but over-

all these methods were not used to characterize risks
in LMIC settings. As above, this may be driven by
a lack of familiarity with this approach or incom-
plete site-specific exposure and dose–response infor-
mation. It is noteworthy that the studies that did uti-
lize this approach estimated significant health risks
from land-based pollution well above acceptable risk
criteria commonly used in developed countries. For
example, Rodrigues-Filho et al. (2004) and Castilhos
et al. (2006) estimated hazard quotients (HQs) rang-
ing from 2.4 to 4.6 based on mercury intake from fish
consumption in two ASGM areas in North Sulawesi
and Central Kalimantan, Indonesia, with an HQ of
9.9 for fish consumed from a flooded open pit in the
mining site area. For villagers near a lead–zinc min-
ing area in China, Qu et al. (2012) estimated a mean
total HQ across 10 metals of 23.4 (Village 1), 8.3 (Vil-
lage 2), and 7.5 (Village 3). Obiri et al. (2006) esti-
mated average cancer risks ranging from 1.2 × 10−1

to 1.2 × 10−3 for adults and 6.3 × 10−2 to 8.0 × 10−2

for children who lived in several mining communities
in Ghana and ate locally grown cassava. The authors
noted that these values are above the generally ac-
ceptable cancer risk of 1 × 10−6 to 1 × 10−4.

4. DECISION MAKING UNDER
UNCERTAINTY

A variety of approaches are taken by re-
searchers, governmental organizations, and public
health agencies to analyze and manage uncertain
risks. Decisions about which approach(es) to use
in a given situation may be guided by many fac-
tors such as available expertise and resources, sus-
pected magnitude and severity of harm, projected
health and economic benefits, acceptable or tolera-
ble risk levels, regulatory or legal constraints, pub-
lic perceptions and trust, and existing policies and
practice. What approaches are amenable for un-
derstanding the magnitude of harm from industrial
and community-based activities and taking appropri-
ate action in severely resource-constrained contexts
such as land-based pollution in LMICs? Although
there are many options, we discuss several possible
risk assessment or risk management approaches that
range from taking preventative action without con-
clusive proof of harm to conducting formal quan-
titative analyses that can inform decision making
and guide future research. Although not discussed
here, a number of economic and decision-analytical
tools, such as cost-effectiveness analysis and cost–
benefit analysis, can subsequently be used to assess
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the costs, risks, and benefits of alternative risk man-
agement approaches once the exposures and health
impacts are better understood in LMIC settings. Ul-
timately, the choice of which risk method to apply
should be based on collaborative input from affected
researchers, funding agencies, and local or national
governments.

4.1. Precautionary Principle

The main idea behind the precautionary princi-
ple is to take preventative action to protect human
health or the environment in the face of scientific
uncertainty that is difficult or impossible to quan-
tify (European Commission, 2017; WHO, 2004). A
rationale for this approach is that it is not always
possible to characterize risks with sufficient certainty
in a timely manner, yet inaction or a delayed re-
sponse could lead to a serious threat or irreversible
harm. However, invoking the precautionary princi-
ple requires at least some indication that there may
be a plausible risk (European Commission, 2017).
This approach is focused only on the potential risk
at hand without considering potential countervail-
ing risks, costs, or socioeconomic benefits (Apple-
gate, 2000; Rogers, 2003). The precautionary prin-
ciple has been widely used to guide environmental
policies and legislation in the European Union since
the 1990s, but its utility for decision making in the
United States is less certain and has spurred intense
commentary and debate, and it has been argued that
public health practice and standard methods for eval-
uating risks are implicitly based on a precautionary
and preventive perspective (Applegate, 2000; Aven,
2011; Boyer-Kassem, 2017; Kriebel et al., 2001; Peter-
son, 2006; Rogers, 2003; Sand, 2000; Stefánsson, 2019;
WHO, 2004).

In the current context, adopting the precaution-
ary principle could lead local or regional govern-
ments to take immediate action to curb, control, or
mitigate activities contributing to widespread pollu-
tion in LMICs. Such decisions would be supported
by the fact that thousands of contaminated sites have
been identified in numerous LMICs and significant
environmental contamination and human exposures
have been demonstrated in some instances. Since a
plausible health risk is likely, under this approach, it
would not be necessary to wait until specific health
outcomes are measured and statistically linked to
certain activities before taking any action. However,
engaging in wide-scale risk mitigation efforts with-
out any prioritizing of high-risk sites or effective risk

management options, would be an extremely costly,
time-consuming, and perhaps inefficient endeavor.
Other considerations include potential opposition by
local residents who rely on the economic gains from
these activities and competing public health prob-
lems in need of limited resources.

4.2. Human Health Risk Assessment

HHRA offers a more structured approach for
evaluating risks from chemicals in the environment
and informing risk management decisions (Laszcs-
Davis et al., 2011; NRC, 1983, 2009; U.S. EPA, 1989b,
2014; Williams & Paustenbach, 2002). The four-step
paradigm of HHRA (hazard identification, dose–
response assessment, exposure assessment, and risk
characterization) provides a framework for review-
ing, evaluating, and interpreting clinical, toxicology,
epidemiology, and exposure data and determining
the likelihood of harm in a population. Because de-
fault values and conservative models and assump-
tions are used to fill knowledge and data gaps, the
resulting risk estimates are more likely to overstate
rather than understate risk (NRC, 1983, 1994, 1996,
2009; U.S. EPA, 2005). Thus, although this approach
is more quantitative and data-driven than the pre-
cautionary principle, it still has some precautionary
and health-protective elements (NRC, 1996, 2009;
U.S. EPA, 2005). HHRAs often follow a tiered ap-
proach in their complexity and degree of uncertainty,
ranging from simplified screening-level assessments
to more in-depth risk characterizations. HHRAs are
routinely conducted by the U.S. EPA and other reg-
ulatory and public health agencies to quantify cancer
and noncancer risks from chemicals in the environ-
ment, including for populations living near contami-
nated sites (U.S. EPA, 1989b).

As noted above, we found that HHRAs were
conducted as part of several investigations in LMICs
but overall this approach has been underutilized in
such settings. Greater use of this approach could
yield valuable information to local or regional gov-
ernments about likely cancer or noncancer risks orig-
inating from land-based pollution associated with
specific sources or activities. HHRA methods could
also help facilitate risk comparisons across sites
to help prioritize high-risk situations and provide
insight into which activities, pollutants, and expo-
sure pathways are the biggest drivers of health
risk. Although site-specific exposure data are pre-
ferred under this approach, existing models could
be used to supplement limited monitoring data.
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Standardized regional- or country-specific default
values for intake rates and other exposure factors
could also be applied in the interim until better infor-
mation is obtained, or probabilistic approaches can
be used to quantify population variability (Lester,
Green, & Linkov, 2000; U.S. EPA, 2001).

Fortunately, much is already known regarding
the health effects of pollutants frequently found at
these sites, with toxicity criteria values available from
the U.S. EPA Integrated Risk Information System
and other databases. As above, this approach does
not require that specific health outcomes be mea-
sured in a population and linked to a source or ac-
tivity before action is taken. However, significant
expertise and expenditures may be needed to con-
duct site-specific risk assessments even for screening-
level analyses. Although many uncertainties would
remain, this approach could provide a stronger basis
for when to act and what risk management options
to consider at a given site. This approach could also
avoid unnecessary precautions from being taken at
less problematic sites and lead to risk-mitigation ef-
forts that are more targeted and more efficient.

Burden of disease studies that focus specifi-
cally on environmental and occupational risk fac-
tors (Fewtrell, Kaufmann, & Prüss-Üstün, 2003; Kay,
Prüss, & Corvalán, 2000; Prüss, Corvalán, Pastides,
& De Hollander, 2001; Prüss-Üstün, Mathers, Cor-
valán, & Woodward, 2003) require the same type of
information as HHRAs with respect to population
exposures and dose–response relationships, but reli-
able data are also needed on the size of the popula-
tion affected. Further development of this approach
could similarly provide more concrete information
for decisionmakers about the magnitude of disease
burden from land-based pollution in LMICs.

4.3. Value-of-Information Analysis

Value-of-Information (VOI) analysis is a
decision-analytic framework aimed at quantify-
ing the value of obtaining additional information
when there is uncertainty about a decision (Howard,
1966; Raiffa, 1968; Weinstein & Fineberg, 1980;
Yokota & Thompson, 2004). This approach is in-
tended to provide guidance to decisionmakers about
whether it is worth collecting more information or
data on specific model inputs to reduce uncertainties
before selecting a course of action (NRC, 1996;
Presidential/Congressional Commission on Risk As-
sessment and Risk Management, 1997). VOI analysis
follows the economic principle of expected value

maximization, whereby the “best” choice is the one
that leads to the greatest net benefit to the deci-
sionmaker (Keisler, Collier, Chu, Sinatra, & Linkov,
2013; Yokota & Thompson, 2004). This approach
is particularly useful in situations where decision
alternatives could lead to disparate outcomes, the
consequences or benefits of the alternatives are
significant, and the uncertainties are large.

Elements of a VOI analysis include identification
of all relevant sets of actions and information collec-
tion strategies, an understanding of the consequences
of each action given all possible states of the world,
and some measure of valuation of these outcomes
in a common metric (Yokota & Thompson, 2004).
Sources of uncertainty and variability are addressed
by fitting probability distributions to available infor-
mation (Yokota & Thompson, 2004). VOI analyses
can be challenging to undertake due to probabilistic
modeling complexities, particularly when there is
more than one source of uncertainty in a decision
problem and the decisionmaker must choose which
sets of information to acquire (Gradowska & Cooke,
2014; Samson, Wirth, & Rickard, 1989; Yokota &
Thompson, 2004). Other identified challenges relate
to characterizing dependencies between multiple
inputs and modeling nonlinear inputs, such as thresh-
old effects for noncarcinogens (Yokota & Thomp-
son, 2004). VOI analyses are frequently conducted in
clinical decision-making settings; for example, when
evaluating the choice of diagnostic tests for deter-
mining disease states when the test results have the
potential to change subsequent therapeutic decisions
for a patient (Weinstein & Fineberg, 1980). This ap-
proach is also gaining traction in the area of environ-
mental health risk management (Bratvoid, Bickel,
& Lohne, 2009; Gradowska & Cooke, 2014; Keisler
et al., 2013; NRC, 1996; Yokota & Thompson, 2004).

VOI analysis could be a powerful tool for aid-
ing prioritization of research activities that would in-
directly support risk mitigation decisions in LMICs
(World Bank, 2006). In particular, there are many
uncertainties in the underlying inputs to the models
used to evaluate risks and risk management options
in this context, and a more objective analysis of which
of these uncertainties are worth reducing through fu-
ture sampling and data collection or research could
be very informative for decisionmakers. This ap-
proach necessitates identification of a clear decision
that must be made with the expectation that addi-
tional information could alter the ultimate choice
made by the decisionmaker. In the current context,
the ultimate risk management decision might involve
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whether or not to adopt risk mitigation measures for
particular activities occurring in LMICs or which risk
mitigation measures to take. Estimating the costs and
benefits of these actions will be based on models that
include many uncertain input parameters for char-
acterizing exposures and health impacts, which will
need to be characterized via probability distributions.

While presenting a viable approach for use in
LMIC settings, applying a VOI analysis will require
a high degree of expertise with respect to mathemat-
ical modeling and Bayesian statistics as well as fitting
probability distributions to adequately characterize
multiple sources of uncertainty based on data, mod-
els, and/or expert judgment. Multicriteria decision
analysis is another analytical method used to evalu-
ate and choose among alternatives based on multiple
criteria, including in relation to contaminated sites
(Linkov et al., 2006).

5. CONCLUDING REMARKS

Land-based pollution in LMICs may result in
significant public health impacts that can adversely
affect long-term economic growth and development
in these countries. However, numerous knowledge
and data gaps hinder a better understanding of the
magnitude of the public health burden posed by
land-based pollution in LMICs. Challenges with ex-
isting studies include a lack of standardization due to
different study objectives and designs, sampling and
analytical strategies, pollutants analyzed, and level
of population-specific information. Comprehensive
exposure and risk assessments are also lacking in
these settings. These and other methodological short-
comings make it difficult to compare or aggregate
results in meaningful ways for decision making.
Guidance is needed on more structured approaches
and consensus protocols for data collection and
analysis to support the development and evaluation
of strategic public health interventions, particularly
in resource-constrained contexts.

Can risk analysis approaches lead to better de-
cision making in this context? We believe the answer
is “Yes,” but more work is needed to determine
which methods and tools will be most informative
and cost-effective for identifying and managing risks
from land-based pollution in LMICs. In addition, the
process would benefit from greater standardization
and coordination from the onset to facilitate compar-
isons across sectors and geographies. A variety of risk
assessment and risk management approaches can be
used to evaluate public health impacts, prioritize re-

search activities, and inform decision making under
uncertainty. We acknowledge that this is not a mutu-
ally exclusive proposition and different approaches
might be used concurrently, in sequence, or at differ-
ent points in time. For example, in those situations
where overt toxicity is readily visible, such as ob-
served childhood lead poisonings, or if biomonitoring
shows significantly elevated exposures in a popula-
tion, rapid intervention based on the precautionary
principle may be required to quickly ameliorate
acute or chronic negative health outcomes. However,
because most developing countries will not always
be able to afford the precautionary principle when
confronted with land-based pollution, other analyt-
ical methods such as HHRA, could be employed
to help screen and prioritize activities and sites
posing the greatest health risks. Other types of quasi-
experimental methods have also been used to assess
the benefits of site cleanups on infant health (Currie,
Greenstone, & Moretti, 2011). Ultimately, the many
uncertainties in estimating risk or disease burden,
coupled with competing interests for resources, may
encourage VOI analyses be conducted to quantify
which uncertainty reductions will better inform de-
cision making. We welcome future assistance and in-
sight from the risk analysis community to help guide
more robust and focused research and determine the
appropriate risk management approaches in order to
solve and respond to this complex problem.
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