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ABSTRACT: In low- and middle-income countries (LMICs), the presence of an informal economy can lead to human exposure to
toxic metals such as lead (Pb). This paper demonstrates the local health and economic benefits of modifying practices within the
informal economic sector in Madagascar. Specifically, leaded components in 504 locally manufactured household water pumps were
replaced with unleaded components. Prior to the intervention, 32% of the household systems exhibited lead concentrations above
the World Health Organization (WHO) provisional drinking water guideline of 10 μg/L, but after the intervention, fewer than 3% of
the systems were in exceedance. The reduction of lead concentration is modeled to reduce the fraction of children with elevated
BLLs (>5 μg/dL) from 34 to 13%. The reduction in BLLs is estimated to provide an average economic benefit of US$11 800 per
child based on predicted increases in lifetime productivity. This corresponds to a total benefit of US$8.7 million for the 730 children
aged 1−5 associated with the pumps, representing a return on investment of greater than 1000-to-1. Results demonstrate how the
formation of partnerships between public, private, and civil society entities, as suggested by UN Sustainable Development Goal 17,
can realize important local economic and health benefits in LMICs.

KEYWORDS: Africa, environmental exposure, chemical pollution, recycling, blood lead, IQ, health, Sustainable Development Goals,
IEUBK

■ INTRODUCTION

Pollution disproportionately affects the health and well-being
of those living in low- and middle-income countries (LMICs).1

One chemical pollutant that poses multiple health risks is lead
(Pb), which now accounts for 1.06 million annual premature
deaths and 24.4 million disability-adjusted life years (DALYs)
worldwide.2 Lead exposure also accounts for large percentages
of idiopathic developmental intellectual disability (IQ loss),
hypertensive heart disease, ischemic heart disease, and stroke.3

For children, the World Health Organization (WHO) states
that lead is associated with neurobehavioral damage at blood
lead levels (BLLs) as low as 5 μg/dL, and that any lead
exposure is associated with harm to the developing fetus.4

Unfortunately, a recent study reports approximately 800
million children globally (1 in 3 children) are at or above
that 5 μg/dL BLL standard.3,5 In addition, children with
nutritional deficiencies experience increased absorption of

lead.6 Worldwide, there are estimated to be 149 million such
children under 5 years old, with ≥75% of the cases in LMICs.7

Lead has, however, been used for centuries for a variety of
reasons. It has favorable material properties for use in
manufacturing that include electrical conductivity, low melting
point, workability, and a vibrant color. Accordingly, it has
found its way into numerous occupational workplaces and
household products.8 Hence, although lead can be found
naturally in the environment, most lead exposure is associated
with anthropogenic activities related to extraction and use of
the metal.9,10 In LMICs, adverse lead exposure has been
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identified with informal battery recycling3 and mining.11−13 In
addition, the presence of lead in locally sourced and
manufactured pottery, seafood, fruits and vegetables, spices,
and medicinal supplements likely contributes to high
BLLs.14−18 Other identified uses of lead include subsistence
fishing via the manufacturing of fishing sinkers,19 cooking
vessels,20 and household water pumps.21 The continued use of
lead in such a wide variety of products and industries is one of
the reasons that millions of children worldwide continue to
suffer from elevated BLLs.3

Lead products in commerce can, in principle, be regulated to
protect public health; for example, leaded gasoline is reported
to now be sold in just one country in Africa, Algeria.3,22

However, a daunting challenge is eliminating lead exposure
associated with products manufactured, sold, and serviced by
the informal sector in LMICs. The term informal sector
commonly refers to small businesses and/or individuals (e.g.,
street vendors and artisans) who produce ordinary goods and
services and operate at the fringes of the formal economy.23−25

In much of the world, this informal sector dominates the
economy. For instance, in Sub-Saharan Africa, these small
businesses can account for at least 80% of total nonagricultural
employment, up to 60% of a country’s gross domestic product
(GDP), and as much as 93% of new employment.24 Similar
large percentages of informal-sector employment are recorded
in Asia (65%) and Latin America (51%).26

The combination of lead’s useful properties and the
importance of the informal economic sector have led to routes
of increased lead exposure. For example, reverse supply chains,
such as battery recycling that occur in informal market sectors
of LMICs, have been examined with regard to environmental
and health impacts of open burning of materials and the lack of
regulations.27 Informal battery recycling is also an important
route of lead exposure.3 As just one example, in the suburbs of
Dakar (Senegal), it was reported that child BLLs ranged from
39.8 to 613.9 μg/dL with 82% of the sample having life-
threatening BLLs greater than 70 μg/dL resulting from
informal recycling of used lead-acid batteries.28

Another example of an informal market that uses leaded
components, which will be used as a case study in this paper, is
in the coastal city of Toamasina, Madagascar. Toamasina has
experienced rapid urbanization over the past decades,
especially in the expansion of informal urban/peri-urban
settlements. Within the context of our study location, urban/
peri-urban refers to an area within an administrative boundary
where a significant majority of the population is not primarily
engaged in agriculture.29 The municipal water provider is
challenged by operational inefficiencies and lacks the capacity
to upgrade aging infrastructure; thus, thousands of households
either cannot afford or do not have access or continual service
to piped utility water. In response, a demand has emerged for
manually driven well points affixed with a locally produced
hand pump (referred to as Pompe Tany). The Pompe Tany is
a type of manually operated suction pump that traditionally has
been manufactured with lead components by local artisans and
technicians in small workshops. It is estimated that 9000 of
these water supply systems exist in Toamasina that serve
170 000 individuals.21 Anthropogenic lead concentrations in
the water from these systems were shown to frequently exceed
the WHO guideline of 10 μg/L,30 and elevated BLLs are
estimated to occur in some children from exposure to drinking
water and eating rice and other starches cooked in the pump
water.31 Consistent with these observations, a recent study

estimated that Madagascar lost US$117−166 million in 2015
due to lost productivity from pollution, with lead pollution
identified as one of the primary causes.32

In some respects, these informal activities represent sound
waste management by prioritizing reuse of waste products over
simple disposal, a key concept in the pollution prevention
hierarchy.33 In fact, approximately 50% of lead originates from
recycled materials.34 However, it is essential to recognize the
unintended health and economic consequences of this strategy.
For example, the WHO (2015) reports that IQ loss from lead
exposure results in US$134.7 billion lost to the African
economy each year.8 Thus, while supportive of the ingenuity of
actors in the informal sector, we posit that there exists a vital
need to partner with the informal sector through education,
training, and external support, so this significant sector of the
global economy can provide improved products that bring
about health, economic, and environmental benefits. One
strategy to provide such improved products is through the
application of principles of green engineering. In particular, we
endorse the principle that all material and energy inputs and
outputs of products endeavor to be as innately nonhazardous
as possible.35

Therefore, the overall objective of this paper is to
demonstrate the local health and economic benefits that can
be generated when an informal-sector industry modifies its
practices to employ safer approaches (i.e., alternative
materials). We use the Pompe Tany industry in Toamasina,
Madagascar, as a case study that exemplifies broadly applicable
principles. To achieve the overall objective, this study had the
following specific goals: (1) measure concentrations of lead in
pumped water before and after replacing leaded pump
components in over 500 pumps; (2) estimate BLLs of children
in households that use Pompe Tany with and without leaded
components; (3) quantitatively estimate IQ loss and DALYs
associated with lead exposure in Toamasina; and (4) estimate
economic loss associated with lead exposure and economic
benefits of the intervention (i.e., the retrofitting of pumps with
unleaded components). Through these goals, our study
provides a complete picture of the potential localized health
and economic impacts of informal sectors.
This study is driven by multiple Sustainable Development

Goals (SDGs) including goal 3 (good health and well-being),
goal 6 (clean water and sanitation), goal 8 (decent work and
economic growth), goal 12 (responsible consumption and
production), and goal 17 (partnerships (that includes capacity
building)).36 Furthermore, our study provides a more
complete picture of the impact that informal-sector practices
can have on local health and economies or residents. This
contrasts with previous studies focused on estimating country-
wide and continental impacts of lead exposure in LMICs.8,37

Importantly, the principles demonstrated in this paper can
easily be replicated in other parts of the world to support the
informal sector while also improving health and economic well-
being.

■ MATERIALS AND METHODS
Project Site and Description of Intervention. Toama-

sina is a city in eastern coastal Madagascar where many
households access shallow groundwater using a manually
driven well connected to a manually operated suction pump.21

The pumps are manufactured locally by artisans and
technicians, who historically have used recycled lead for
weights to operate check valves (i.e., piston and foot valves) in
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the pumps. Water delivered by the pumps is used for both
nonpotable and potable uses, including drinking and cook-
ing.31 In an initial study of 18 households using these pumps, it
was observed that lead is detectable in the pumped water,
frequently at concentrations above 10 μg/L, and occasionally
at levels exceeding 40 μg/L.30 It was estimated that the
presence of this lead in the water correlates with elevated BLLs
in children.30,31

In 2018, we worked with local pump technicians to replace
the lead weights in both check valves with iron (Fe) weights in
504 of these household pump systems. During this retrofit of
the piston and foot valve, no plumbing (i.e., piping) below the
pump is disturbed, and the only item removed is the pump
head (Figure S2). Pumps throughout the study area were
selected based on (1) the ability to oversee adaptations and
(2) household willingness to participate in the project. Based
on surveys completed by the owners of the pumps at the time
of the retrofit, we estimate that 730 children between the ages
of 1 and 5 years old were served by the 504 pumps.
Measurement of Lead (Pb) Concentrations in

Pumped Water. Standard sampling for lead contamination
in plumbing water requires an extended period of stagnation
and collection of a “first-draw” water sample for lead
concentration analysis.38 The sample collection is typically
conducted by the household resident, allowing for this initial
sample collection prior to household water use. However, for a
communal water source, this was not feasible. These water
systems are typically the only water source for several
households, and it was not practical to restrict access prior
to sampling. Instead, the protocol for collecting water was
adjusted to consistently sample fully flushed water samples.
This approach has been used by a variety of previous studies
that require sampling public sources.39,40 In the present study,
a volume of 15 L (approximately one to five well volumes) was
purged from the system and discarded. This was performed to
ensure that all water collected subsequently represented a
“flushed” sample of water. Following the 15 L purge, another
15 L were pumped into a bucket from which a 10 mL glass
pipette was rinsed, and a 5 mL aliquot was immediately
collected and analyzed on-site for the concentration of lead.
Analysis of lead in the water was performed with a Palintest

Scanning Analyzer SA1100 (Erlanger, KY). This method uses

anodic stripping voltammetry and follows EPA Method
101.41,42 This analysis does not account for particulate lead
and no acidification was performed on samples. The Palintest
SA1100 reports aqueous lead concentrations in the range 2−
100 μg/L. ICP instrumentation was not available to quantify
lower detection limits. Concentrations below 2 μg/L are
reported by the SA100 as “lower than limit of detection” and
concentrations above 100 μg/L are reported as “higher than
test range.” Water samples were collected from a subset of the
504 rehabilitated pump systems before and after the check-
valve replacement; specifically, 244 pumps prior to the
intervention and 418 pumps following the intervention. Two
hundred and twenty-five of the rehabilitated pumps had paired
sample data, i.e., Pb concentrations were measured both before
and after the retrofit in 225 of the wells.

Estimation of Blood Lead Levels (BLLs). We used
Windows version 11, Build 1.1, of the Integrated Exposure
Uptake Biokinetic (IEUBK) Model, developed by the U.S.
Environmental Protection Agency,43 to estimate BLLs in
children aged 1−5 years. This model is able to predict
distributions of BLLs in children based on known or assumed
exposure to lead.
To perform the modeling, we subdivided the population of

children into four age groups: 1−2, 2−3, 3−4, and 4−5 years.
For simplicity, we assumed that the overall population of
children was split evenly among these four age groups. This
assumption was chosen as no breakdown of a Malagasy
population to the 1 year level is available, and there is no
known reason to expect any significant differences between the
number of children in these age groups. These age groups were
further divided into five subgroups, corresponding to different
concentrations of lead in the household water. The five
concentration subgroups were 0−2 μg/L (2 μg/L: the lower
detection limit of testing equipment), 3−5, 6−10 μg/L (10
μg/L: the WHO drinking water guideline), 11−20, and >20
μg/L. These groupings allowed for a relatively uniform spread
between groups with no group containing more than 30% of
the wells tested prior to retrofitting. To decide the fraction of
children in each of these five concentration categories, we used
the measured concentrations of lead in the household pump
systems, distinguishing between the preintervention lead
measurements and the postintervention lead measurements.

Table 1. Modeling Blood Lead Levels in Children; Categorized Pump Data; and Integrated Exposure Uptake Biokinetic
(IEUBK) Model Inputs

IEUBK inputs

dietary uptakeb (μg/day)

Pb range (μg/L) # of pumps median flushed Pb concentrationa (μg/L) 1−2 yoc 2−3 yoc 3−4 yoc 4−5 yoc

preintervention 0−2 43d 2 1.17 1.44 1.58 1.71
3−5 66 4 2.34 2.88 3.16 3.43
6−10 55 8 4.69 5.77 6.33 6.86
11−20 42 14 8.20 10.10 11.07 12.00
21−100 38 28 16.41 20.19 22.15 24.00

postintervention 0−2 330e 2 1.17 1.44 1.58 1.71
3−5 68 3 1.76 2.16 2.37 2.57
6−10 10 7.5 4.39 5.41 5.93 6.43
11−20 4 12.5 7.32 9.01 9.89 10.72
21−100 6 44 25.78 31.73 34.80 37.72

aFor the 0−2 category, we used 2 μg/L for modeling purposes; for all other categories, we used the median “measured” concentration within that
category. bDietary uptake for each category was estimated using the procedures of Akers et al. (2020). cyo: Years old. dIn the preintervention
measurements, the measured Pb concentration was 2 μg/L for 20 wells and was below the detection limit of 2 μg/L for 23 wells. eIn the
postintervention measurements, the measured Pb concentration was 2 μg/L for 64 wells and was below the detection limit of 2 μg/L for 266 wells.
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For instance, in the 244 pumps measured prior to check-valve
replacement, 22.5% of the wells exhibited a lead concentration
between 6 and 10 μg/L, so we assumed that 22.5% of
“preintervention” children belonged to this category. However,
in the 418 pumps measured after the check-valve replacement,
only 2.4% of the wells exhibited a concentration between 6 and
10 μg/L, so we assumed that 2.4% of “postintervention”
children belonged to this category. Thus, overall, we
considered 20 groups of children for the preintervention
IEUBK modeling (four age groups, five concentration groups)
and 20 groups of children for the postintervention IEUBK
modeling. After completing the IEUBK modeling for each
subgroup individually, the results were recombined, weighted
according to the fraction of children in each subgroup. This
produced a predicted distribution of BLLs for children using
nonretrofitted (preintervention) wells and a separate predicted
distribution of BLLs for children using retrofitted (post-
intervention) wells.
Within each modeling group, the IEUBK requires certain

input data for exposure routes related to drinking water, diet,
air, soil, and dust.44 We used default model values for air and
for soil and dust as no local lead measurements for air or soil
and dust are known for this region. For drinking water, we
used the median measured lead concentration for each of the
five concentration subgroups; for instance, within the 6−10
μg/L subgroup, the median measured concentration was 8 μg/
L in the preintervention wells and 7.5 μg/L in the
postintervention wells. Because the Palintest instrument has
a lower measurement limit of 2 μg/L, we do not know the
median water concentration in the 0−2 μg/L subgroups, and
we therefore assumed a concentration of 2 μg/L for these
groups to be conservative. For diet, we used the methods
described by Akers et al.31 which adjusted the inputs to fit a
Malagasy diet. Model inputs are summarized in Table 1.
Estimation of IQ Loss and DALYs. It is well known that

exposure to lead can result in intellectual disability including
loss of IQ.45−47 Furthermore, childhood exposure to lead can
result in a decline of cognitive function and socioeconomic
status in adulthood.48 Therefore, to quantify the health impact
of lead exposure to children in Toamasina, we estimated the
IQ loss and the resultant disability-adjusted life years
(DALYs).
Different research groups have proposed different quantita-

tive relationships between BLL and IQ loss, but most studies
agree that a 10 μg/dL increase in BLL results in a loss of about
1−4 IQ points.45,46 Here, we used the following equation,
which is based on the results of Lanphear et al.49 and applies to
children with BLL greater than 2.4 μg/dL.49 The paper of
Lanphear et al.49 is a pooled analysis of seven studies: four
from the United States, one from Australia, one from Mexico,
and one from the former Yugoslavia. The findings of Lanphear
et al.49 are widely cited and have been used in multiple studies
examining LMICs.50,51

IQ loss 6.2903 log (BLL) 2.388610= − (1)

Using this equation, the estimated distributions of BLLs were
used to estimate distributions of lost IQ points. This was done
by subtracting the modeled IQ loss distribution from a
“baseline” IQ distribution (mean of 100 and standard deviation
of 15) to represent the estimated change seen in the local
Malagasy child population. Thus, three different IQ distribu-
tions can be compared: a baseline IQ distribution for a
population not exposed to lead, the IQ distribution of

Toamasina children using water from nonretrofitted (pre-
intervention) pumps, and the IQ distribution of Toamasina
children using water from rehabilitated (postintervention)
pumps.
The IQ loss caused by lead exposure can then be used to

estimate DALYs for children in Toamasina. A disability-
adjusted life year (DALY) is based on years of life lost (YLL)
and years lost due to disability (YLD). Because mild
intellectual disability should not result in death, YLL was
assumed to be zero, and thus DALY was assumed to be
equivalent to YLD. YLD is estimated as the number of
prevalent cases times a disability weight. There are five possible
disability weights for lead-related intellectual disability, varying
with the severity of the disability, as shown in Table 2. The five
categories represent borderline, mild, moderate, severe, and
profound intellectual disability.

For each of these five categories, the number of prevalent
cases (per 1000 children) is determined simply from the
estimated IQ distributions (previously described). Also, for
each category, two different disability weights have been
estimated, the global burden of disease estimates (GBD) and
the more comprehensive WHO-endorsed global health
estimates (GHE), as shown in Table 2.52 Here, we estimated
DALYs using both sets of disability weights, thereby estimating
a range of DALYs. Also, the disability weights shown in Table
2 are multiplied by an adjustment factor of 2.05, which
accounts for increased consequences of mental impairment in
African regions with high child and adult mortality, a category
in which Madagascar is included.9 The adjustment factor was
calculated by the WHO and uses the assumption that
noncongenital causes of intellectual impairment (i.e., anemia,
hookworm infection, etc.) are discrete and additive, but does
not adjust for factors of malnutrition.9 The overall calculation
of DALYs is performed by multiplying the number of prevalent
cases times the (adjusted) disability weight for each of the five
categories, then summing to calculate the overall result. This
yields an estimate of DALYs per 1000 children.

Estimation of Economic Impact. It is known that
intellectual impairment from environmental neurotoxins and
neurotoxicants contribute to lost economic productivity, and
that the economic cost of this lost productivity increases with
the severity of the intellectual impairment.22,51,53,54 These costs
are sometimes referred to as lost opportunity costs and do not
consider other societal costs such as increases in crime rates or
the need for special education services. The attributable cost
due to lead exposure from pump water was calculated
following the method presented by Attina and Trasande.51

Table 2. Disability Weights (DW) for Severity Levels of
Intellectual Disability

disability weight

IQ range severity of intellectual disability GBD 2016ac GHE 2016bc

70−85 borderline 0.011 0.011
50−69 mild 0.043 0.127
35−49 moderate 0.100 0.293
20−34 severe 0.160 0.383
<20 profound 0.200 0.444

aGBD 2016: Global Burden of Disease 2016 assessment. bGHE 2016:
Global Health Estimates. cWHO (2018).52
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cost EAF(IQ loss)
lost economic productivity

IQ lossi

N

i i
1

∑=
=

i
k
jjjj

y
{
zzzz
(2)

In this equation, the following definitions and estimations
apply.

• N is the number of children aged 1−5 associated with
the 504 pumps rehabilitated during the intervention.
Because each child obtains some benefits from the
decreased exposure to lead, N = 730.

• EAFi indicates the environmentally attributable fraction
of lead for the ith child. For this study, EAFi was assumed
to be 1.0 for all children, based on an assumption that
little lead exposure is due to natural processes.51

• (IQ loss)i indicates the lead-related IQ loss for the ith

child. Although we do not know the BLL or the IQ loss
for any individual child, we estimated the distribution of
IQ loss, as described above. By randomly sampling this
distribution N times, we are able to obtain the required
N individual estimates of (IQ loss)i.

• A lost economic productivity of US$16 500 per lost IQ
point was used here, based on estimates of Attina and
Trasande (2013) for lost economic productivity in
Eastern Africa which included Madagascar.51 The value
of US$16 500 per IQ point recommended by Attina and
Trasande51 is consistent with other estimates, which
have ranged from ∼US$12 000 to 26 000 per lost IQ
point.55,56

Equation 2 was applied to both the preintervention and
postintervention distributions of children, i.e., to children using
nonrehabilitated wells and to children using rehabilitated wells.
The difference between the costs of these two distributions
represents the cost saved by performing the intervention.
The total cost of the intervention was also calculated. The

rehabilitation of an individual pump costs approximately US$4
per pump for locally sourced materials and labor to replace the
components of the pump’s foot valve and piston valve.

■ RESULTS AND DISCUSSION
Measurement of Lead (Pb) Concentrations in

Pumped Water. The concentrations of lead measured in
the pumped water pre- and postintervention are presented in
Figure 1. Prior to the intervention, 33% of measured lead
concentrations (n = 244) exceeded the WHO (2014)

provisional guideline of 10 μg/L, and some of the measured
concentrations even exceeded 100 μg/L. After retrofitting the
pumps with nonleaded components, the measured lead
concentrations (n = 418) were below 10 μg/L in 98% of
samples.
A Wilcoxon signed-rank test of the paired data showed that

the retrofit of the pump significantly reduced the lead
concentration in the pumped water (Z = −11, p < .001).
More information about this analysis and the paired pre- and
postintervention data can be found in the Supporting
Information.
Underestimation of lead concentration in water is likely,

representing lower bounds, due to flushing of the system
before sampling. For wells that are used frequently throughout
the day, flushed conditions are expected to prevail, and the
measured Pb concentrations are likely representative of actual
conditions; for wells that are used only sporadically, the
concentrations reported here may underestimate the stagnant
or first-draw conditions (cf. Akers et al.30).
Leaded solder has been phased out in many parts of the

world,57 but it is still used in Madagascar. The varying levels of
lead seen in the pumped water postintervention are potentially
attributable to the age of the well-screen solder, as lead release
from solder is reported to decrease over time.57 Examination of
the well screen and leaching of lead from solder was beyond
the scope of this paper but is an important aspect to be
examined with future studies and efforts to engage with agents
in the informal economic sectors, such as pump technicians.

Estimation of Blood Lead Levels (BLLs). The estimated
distributions of BLLs for children in Toamasina (aged 1−5),
accounting for modified water and dietary lead uptake and
holding other variables constant (i.e., air, soil, and dust lead
uptake values), are provided in Figure 2. Figure 2 presents

estimated BLL distributions for children using water
(associated with drinking and cooking) from nonretrofitted
(preintervention) pumps and from retrofitted (postinterven-
tion) pumps. The figure shows that approximately 34% of
children using nonretrofitted pumps are estimated to have
BLLs over 5 μg/dL. However, for children using retrofitted
pumps, only 13% would have a BLL above 5 μg/dL.

Figure 1. Distributions of measured lead concentrations in pumped
household water before and after pump retrofit with unleaded
components. Dark gray: Preintervention concentrations (n = 244).
Light gray: Postintervention concentrations (n = 418).

Figure 2. Estimated cumulative distributions of blood lead levels
(BLLs) in children using water from nonretrofitted pumps and from
retrofitted pumps.
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The reference level of 5 μg/dL is a widely accepted
threshold established by the US Centers for Disease Control
and Prevention (CDC) and is recognized by the WHO to be
associated with irreversible health impacts.2,4,58 However,
several studies have shown health risks linked to levels below
5 μg/dL,59,60 indicating that children with any BLL could
experience some negative impact. The shift in the estimated
BLL distributions (Figure 2) therefore indicates that the
removal of lead components from the pumps not only lowers
the concentration of lead in the pumped water but may also
improve the health of those using the pumps. However, BLLs
are not expected to decrease immediately upon the removal of
leaded components from the pump, because the half-life of
lead in blood is 1−2 months.61

Estimation of IQ Loss and DALYs. Estimated BLL
distributions were used to estimate distributions of IQ in
children in Toamasina. Figure 3 shows three estimated IQ

distributions. One is a baseline IQ distribution with a mean of
100 and a standard deviation of 15, which corresponds to a
population of children with no significant lead exposure. The
other two IQ distributions shown in this figure correspond to
children using nonretrofitted wells (preintervention) and
children using retrofitted wells (postintervention); that is, the
IQ distributions in Figure 3 correspond to the BLL
distributions in Figure 2. Figure 3 shows that if leaded
components are not removed from the pumps, exposure to
lead in household water is estimated to decrease the IQ
distribution of children in Toamasina by about two points on
average. That decrement is lowered to about one IQ point as a
result of the intervention (Figure 3).
The results from the DALY calculations indicate 1.0−2.2

DALYs per 1000 children if no intervention were to take place,
and only 0.5−1.1 DALYs per 1000 children once pumps were
retrofitted (postintervention). These DALY estimates are low
because they only account for IQ decrements and do not
account for other health impacts that lead is known to cause.62

Based on the ranges of DALYs given above, we estimate that
the intervention we performed may save 0.4−1.0 DALYs for
the 730 children using the 504 retrofitted pumps. If this
number is extrapolated to consider all 9000 pumps that are

estimated to be present in Toamasina,21 it suggests that
removing lead from household pumps may save 8.0−20.0
DALYs for children in Toamasina, based solely on the
prevention of IQ loss.
Estimates of ∼21.7 million DALYs due to lead exposure

globally have been reported with ∼1.5 million DALYs in Sub-
Saharan Africa.63 Within Madagascar, these estimates suggest
∼1000 DALYs attributable to lead exposure. These estimates
include death attributable to lead exposure as well as adult
DALYs (including other health concerns such as cardiovascular
diseases) which our study did not consider.

Estimation of Economic Impact. For the 730 children
aged 1−5 using the pumps treated in this study, the lost
economic productivity preintervention was estimated to be US
$18.7 million over the children’s lifetimes. Following the
intervention (retrofitting of pumps), the lost economic
productivity due to the continued presence of some lead in
the environment was reduced to US$10.0 million. Therefore,
the intervention performed here is estimated to have saved US
$8.7 million in recovered productivity over the lifetime of the
730 children. This is equivalent to US$11 800 per child. For
context, this is over 7 times Madagascar’s 2019 GDP per capita
of $1647.64 As previously mentioned, this calculation is based
only on IQ loss and does not consider other societal costs and
benefits such as crime rates or special education services.
The total cost of the intervention if households would

individually contract a pump technician includes the cost for
locally sourced labor and materials for the 504 pump
adaptations (∼US$2000 total). This equates to ∼US$2.76
per child. However, the estimated cost of US$2.76 per child
accounts only for the 730 children aged 1−5 that are
associated with the pumps, and it does not account for adults
or older children that might also benefit from the retrofit. If all
beneficiaries of the retrofit are considered, the per-person cost
would be even lower.
These results indicate that for every dollar spent on this

intervention, ∼US$4000 is saved in economic productivity.
This return on investment is higher than what has been
observed in most lead mitigation studies. For example, a return
of US$17−221 for each dollar invested in lead hazard control
in the United States has been reported by Gould (2009), also
noted by WHO (2010).4,56 Other water and sanitation
improvements (i.e., chlorination, piped water, and provision
of improved sanitation) in LMICs were estimated to have
returns of US$5−46.65
Economic losses due to lead exposure have also been

estimated on a continental scale; for example, Attina and
Trasande51 estimate 98.2 million IQ points lost or US$134.7
billion in economic losses in Africa due to lead exposure.51 On
a global scale, the estimation of losses of lifetime earnings in
LMICs attributable to lead exposure range from US$729.6 to
1162 billion annually.3 These large-scale estimates point
toward the need to address lead exposure in LMICs. In this
study, the estimated US$8.7 million saved and a return on
investment of ∼US$4000 for every dollar spent on the
intervention demonstrates the importance of not only further
identifying sources of exposure to lead and other chemical
pollutants, but also potential mitigation strategies that engage
with local agents in the informal economic sectors. Social/
behavioral approaches can also be used to address needs,
concerns, and current behaviors of these local agents to
support them in innovating improved products that maintain
their function but also result in improved well-being.66 The

Figure 3. Estimated IQ distributions without a pump intervention
and with a pump intervention compared to a baseline IQ distribution
with a mean of 100 and a standard deviation of 15.
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results presented in this study also demonstrate how the
formation of partnerships between public, private, and civil
society entities, as suggested by UN Sustainable Development
Goal 17,36 can realize important local economic and health
benefits.
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