
communications earth & environment Review article
A Nature Portfolio journal

https://doi.org/10.1038/s43247-025-02735-x

Environmental lead risk in the 21st
century

Check for updates
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Lead has been central to technological development for centuries; however, its release into
the environment and subsequent human exposure pose significant public health risks. The
review presented here critically assesses the contemporary environmental lead risk as global lead
production and use are rapidly increasing, largely driven by the rising demand for electrification. We
show that environmental lead exposure persists today due to legacy contamination, ongoing coal
usage, and insufficient protection of workforces during production, use, and recycling of lead-acid
batteries and other lead-containing products, particularly in low- and middle- income countries. We
estimate that contemporary childhood lead exposure alone leads to an annual global economic loss
exceeding $3.4 trillion (2021 US dollars adjusted for purchasing power parity), with pronounced
disparities betweenhigh- and low- andmiddle- incomecountries. Toprevent a large-scale resurgence
in lead exposure, we identify four critical areas for urgent policy intervention.

Lead is a metal that has always been central to the technological
development of human societies, being for example used extensively in
plumbing, construction, batteries, alloys, gasoline additives, paints, and
electrical appliances. However, it is also a potent toxin with significantly
adverse effects on human health1 if taken up via inhalation or ingestion.
Inadequate management of energy generation, industrial processes, and
transportation has resulted in environmental lead pollution over most of
human history, causing waves of mortality and morbidity. The most
recent and by far the largest wave was driven by the worldwide use of
leaded gasoline in cars, ships and planes2. Subsequent bans on leaded
gasoline have reducedblood lead levels (BLLs)3 inmany countries, implying
that global environmental challenges can be dealt with when there is
willingness.

The reductions in BLLs, however, have created the false impression
that the problems of environmental lead and subsequent human expo-
sure have been resolved4. Indeed, in many low- and middle- income
countries (LMICs), the initial decline in BLLs has flattened or even
reversed5, and mean BLLs remain above the current World Health Orga-
nization’s (WHO) recommended intervention level6. Different global
trends observed in BLLs have been heavily influenced by the relocation

of leaded gasoline production and consumption from high-income coun-
tries to LMICs over the past two decades (Fig. S2), by the increased use of
coal for energy production and by themanufacture and disposal of lead acid
batteries (LAB) andother lead-containing products6,7 (Fig. 1).While the ban
on leadedgasoline cameaftermore thanninemillionmetric tons of leadhad
been emitted into the environment globally (Fig. S2), current lead pro-
duction is approximately 16million tons annually8 (Fig. 1), by far surpassing
environmental lead emissions from gasoline at any time. At this scale, even
minor environmental leakage poses major risks to human and ecosystem
health. Monitoring and tracing sources of lead in air, water, and soils, and
quantifying the socioeconomic impacts of lead poisoning remain there-
fore critical scientific and societal challenges of the 21st century.

In this paper, we critically assess the environmental lead risk in the 21st
century. To this end, we first discuss the main lessons drawn from
past studies assessing the health and environmental impacts of historical
lead exposure, notably from leaded gasoline, banned globally in 2021. We
then assess the current scale of global lead production, ongoing environ-
mental sources and exposure pathways, and their socioeconomic con-
sequences, before outlining critical gaps in knowledge and policy
interventions needed to prevent renewed global harm.
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Lessons learned from historical environmental lead
exposure
Major lead exposure episodes in human history
For millennia, humans have mined lead and manufactured products using
it9. These activities have continuously released lead into the environment,
leading to uninterrupted human exposure10. Three historical episodes of
widespread lead exposure, however, stand out for their significant impact on
human health.

The first arose from mining and use of lead during the Roman
Empire11, culminating with the Roman aristocracy’s fondness for “sugar of
lead” as an additive in food and beverages, which has been associated with
saturnine gout12. The second took place in the 17th and 18th centuries, when
Western European societies faced “Devonshire colic” stemming from the
consumption of alcoholic drinks contaminatedwith lead13. The third andby
far the most profound exposure arose from the use of tetraethyl lead as an
anti-knockagent in automobile engines beginning in early 1920s14 (Text S1).
Lead from the exhaust of hundreds of millions of automobiles was emitted
into the atmosphere, dispersing everywhere on earth.

This extensive release of lead has resulted in significant morbidity and
mortality, underscoring the harmful effects of anthropogenic lead pollution
on human health via environmental lead exposure15. At its peak, the use of
leaded gasoline increased lead concentrations in aerosols by 100 to 2600
times the expected natural concentration16, which then led to increased
human exposure as indicated by elevated BLLs. Early work in the USA es-
tablished the direct link between aerosol lead and blood lead
(Fig. S1, Text S1) that was subsequently confirmed worldwide3. The intro-
duction of catalytic converters required the removal of tetraethyl Pb17 and
this directly contributed to the phasing out of leaded gasoline, with Algeria
being the final country to do so in 2021 (Fig. S2). The successful ban of
leaded gasoline has been a long-overdue keymilestone for global health and
marks arguably one of the major policy accomplishments of the last 50
years18.

Impact on the environment: lead in the marine, terrestrial, and
atmospheric environment
Extensive leaded gasoline usage resulted in the worldwide contamination of
the natural environment with lead and the interruption of the geochemical
lead cycle (Text S2, Fig. S3).

Elevated lead concentrations measured in the surface layers of
Greenland ice cores and surface waters of remote seawaters led early to the
conclusion that lead derived from gasoline emissions had reached
every corner of the planet by 196319. At the peak of leaded gasoline emis-
sions in the 1970s, North Atlantic surface water downwind of the USA had
the world’s highest dissolved lead concentration, with levels >150 pmol/kg20

(Fig. S3). These high concentrations decreased to between 20 and 40 pmol/
kg following the phasing out of leaded gasoline, with naturally-sourced lead
detected in some areas of the North Atlantic after the 2010s21–24 (Fig. S3).
Today, according to data reported from GEOTRACES25, a program asses-
sing trace element cycling in the oceans, the highest lead concentrations in
open-ocean seawater are found in the surface waters of the north-western
Pacific (60–100 pmol/kg)26,27 and northern Indian Ocean (60–80 pmol/
kg)28,29, coinciding geographically with contemporary lead emissions
stemming from China and India, respectively.

In terrestrial environments, enrichment of lead has been observed in
the top sections of urban and rural soils around the world (Fig. S4), sug-
gesting the residence time of lead in the terrestrial environment is sig-
nificantly longer than in the marine or atmospheric environments (Fig. S3,
Text S2). This strong surface enrichment makes soils an enormous repo-
sitory for legacy lead (Fig. S3, Fig. S4), whichwill likely persist over centuries
and exchange with the atmosphere and the biota. Indeed, today’s aerosol
lead concentrations are still hundreds of times higher than the anticipated
natural baseline derived from ice core records (Fig. S5) even though mea-
surements in the world’s major cities show that atmospheric lead con-
centrations have stabilized over the recent decade to as lowas 10 to 50 ng/m3

compared with above 1000 ng/m3 during the leaded gasoline era (Fig. S6).
Long-range atmospheric transport leads to significant transboundary lead
pollution that can be traced quantitatively using lead isotopes (Text S2).
Overall, lead concentrations in the atmosphere vary significantly with
location and time, reflecting variable sources, fluxes, and processes. This
leads thus to human exposures that are both temporally variable and geo-
graphically uneven.

Impact on human health: lead in blood
Human exposure to lead arises largely through ingestion of contaminated
food and water, and through inhalation of lead-containing aerosols or
mineral dust. Additional exposure can occur via incidental ingestion of
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Fig. 1 | Schematic of the environmental lead cycle.Major transfer of lead from the
anthropogenic to the natural environment during coal combustion and lead acid
batteries recycling as well as the geochemical cycling of legacy lead and the con-
sumption of lead-containing customer goods result in ongoing human lead

exposure. Charts included in the figure are showing: (i) lead consumption, including
coal (pink)114 and lead acid batteries (dark green)8; (ii) lead leakage, including
recycling of lead-containing products (largely batteries, light green)46; and (iii) lead
emissions, including leaded gasoline (yellow; original data in Table S1) are inserted.
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contaminated soil or via contact with lead-containing consumer products
(Fig. 1). BLL is a commonmeasure of lead exposure.Whilemedical evidence
suggests that no level of lead can be deemed safe1, the current operationally
defined criterion for intervention in children is a BLL of 3.5 µg/dL in the
USA30 and 5 µg/dL following WHO guidelines31, both notably higher than
the estimated pre-industrial BLL of 0.016 µg/dL32.

During the periodwhen leaded gasolinewaswidely used as fuel source,
elevated BLLs were found worldwide as large amounts of soluble lead
compounds, such as lead chloride or bromide, were emitted from tailpipes
into the atmosphere and subsequently inhaled by humans (Text S1).
Between1972 and1975, screeningprograms in theUSAshowed that 11%of
children had BLLs above 40 µg/dL while 2% had BLLs above 80 µg/dL33.
Results from another 27 cities not involved in these screening programs
found that about 17% of children under 6 years old had BLLs above 40 µg/
dL34. A subsequent survey conducted between 1976 and 1980 found that
nearly 80%of the children6months to5 years oldhadBLLs above 10 µg/dL,
and virtually every child (99.8%) had a BLL above 5 µg/dL35,36. In 1984, the
number of children in the USA with BLLs above 10 µg/dL was estimated to
be 6.4 million, and in many urban areas, every child had a BLL above
5 µg/dL37.

Comparable prevalence values were found in other parts of the world.
Surveys conducted in the European Economic Community in 1979 and
1981 foundmean BLLs above 10 µg/dL in children and adults38,39. Only few
populations in Europe had BLLs below 5 µg/dL before the phase out of
leaded gasoline40. Studies in urban areas of Asia, Africa, SouthAmerica, and
New Zealand found that BLLs in large numbers of children exceeded 5 µg/
dL before the ban on leaded gasoline40.

The inescapable conclusion is that during the 1970s and 1980s, at least
50% of the world’s population had levels of blood lead that would trigger
action today41. Comparing this value to the scale of other contemporary
issues illustrates themagnitudeof the lead exposureproblem: approximately
35% of the world’s population is forced into poverty by natural disasters42,
while about 10%ofworld’s populationwas infectedbyCOVID-19 as of June
202443. Thus, the scale of environmental lead exposure from leaded gasoline
was huge when the use of leaded gasoline peaked.

Contemporary lead sources and exposure pathways
Today, ~85% of global lead production is used in the manufacture of
lead–acid batteries44 (Fig. 1), with additional applications in electrical
appliances and photovoltaic cells that support telecommunications and
critical uninterruptible power supplies44. These lead-containing products
are increasingly recycled44 andmanaging the recycling process sustainably is
key to prevent lead leakage at the workplace into the local environment
and into nearby communities7,45. Inadequate and illegal reprocessing
practices, however, are of great concern and particularly prevalent in
LMICs46. For example, for China alone, it has been estimated that 30% to
40% of LABs are recycled illegally47. In Bangladesh, Pure Earth, a non-
governmental organization working on identifying, cleaning up, and pre-
venting pollution in LMICs, identified more than 300 informal LAB recy-
cling sites and expectmanymore that remain undocumented45. Other cases
of lead poisoning linked to inadequate recycling over the past decade
have also been reported in Senegal48, India49, and Vietnam50. The total
population affected by an estimated 10,000–30,000 informal LAB proces-
sing sites in LMICs is likely to range from 6 to 16.8 million51. The inter-
national transport of lead-containing waste from developed countries
(outgoing) to developing countries (incoming) may disproportionally
increase lead exposure in disadvantaged communities. For example, India,
where 25% to 40% of LABs were recycled illegally in 2023, received
approximately 0.4 million metric tons of lead waste between 2018 and
202252, which accounted for 15% of the global lead waste trade. Used LABs
are also shipped from the USA to Mexico for recycling53.

Coal combustion remains a significant source of lead in the environ-
ment due to high concentrations of lead in impure coal, large-scale coal
usage for energy production, and lack of emission controls, especially in
LMICs54. Coal combustion contributed approximately 50% of the

atmospheric lead emissions in China in 200955, 12% to 42% in India in the
2010s56, and about 30% globally in 2005–201257. Implementation of ade-
quate emission control technologies, such as flue gas desulfurization sys-
tems, however, reduce this lead source without decreasing coal
consumption.This has beendemonstrated recently inChina: lead emissions
from coal-fired powerplants decreased from about 1200metric tons in 2005
to about 440 metric tons in 202058.

Continuous elevated lead levels compared to anticipated natural
baseline in aerosols around the world’s major cities with limited con-
temporary emission (Fig. S6) suggest that as discussed above remobilization
of surface polluted soil is an important source of lead in the atmosphere59

(Fig. S3). This remobilization of legacy lead suggests ongoing, possibly
permanent, exposure of the population mediated by natural processes like
dust resuspension. Mass balance calculations and isotope signatures show
that legacy gasoline lead contributes today about 30% to 40% of London’s
aerosols60 and about 10% to 40% of Singapore’s aerosols56. In contrast, in
countries with lower historical emissions and/or higher contemporary
emissions, the contribution of gasoline legacy lead to the atmosphere is
smaller, for example 4% to 9% in India and 4% to 20% in Vietnam56. Lead-
containing paint, soldering products, spent ammunition from firearms, and
lead pipes, are other important legacy pollution sources leading to lead
exposure. For example, leaded paint, banned for several decades in theUSA
(Fig. S1), is still the main source of lead exposure in many older homes as
painted surfaces release lead-containing dust over decades and centuries61,
and the Flint water crisis62 drew recently attention to the risks of lead
leaching from aging water infrastructure. The remobilization of legacy lead
underscores the enduring impact of historical emissions and constructions
and provides an important warning that contemporary emissions could
become legacy sources in the future.

Finally, particularly in LMICs, increasing lead exposure also arises
from the consumption and use of customer products that contain lead,
sometimes fraudulently added. These include leaded paint, soldering, cos-
metics, glazed ceramics, toys7, spices63, and traditional medicines64 (Fig. 1).
For example, studies in Bangladesh found adulteration of turmeric, an
essential ingredient in South Asian daily cooking, with lead chromate for
coloring, resulting in lead concentrations to up to 500 times the national
standard63. Subsequent nationwide efforts removed contaminated turmeric
from the market, highlighting the effectiveness of targeted policy inter-
ventions, including enhanced food testing and public education65. The
continued use of lead-based paint presents a similar concern. It remains
legal and is still sold inmanyAsian, African, LatinAmerican, and European
countries (about 50% of countries worldwide), and lead concentration in
paint can exceed 10,000mg/kg66.

As the lead in the environment originates from increasingly diverse
sources, each of which is releasing lead in distinct chemical forms with
contrasting solubilities, exposure pathways today differ with location and
site specific monitoring and management strategies are required67,68. For
example, oral ingestion is often the dominant route of exposure near
recycling facilities and coal-fired power plants, likely due to the consump-
tion of food contaminated with atmospheric particulates. Food has been
identified as a primary pathway in urban centers of India69, Bangladesh70,
Brazil71, Nigeria72, andVietnam73. Inhalation and ingestion are important in
regions affected by diffuse lead sources74.

Socio-economic impact of environmental lead
pollution
Existing epidemiological and economic evidence shows that lead exposure
affects humanhealth and childhooddevelopmentwith important economic
consequences.

Present evidence for important socioeconomicandpublic health
global lead burden
The 2019 Global Burden of Disease Study (GBD) estimated that approxi-
mately 0.9million deaths and22million lost disability-adjusted life years are
attributable to lead exposure each year5 (Fig. 1). Lead is estimated to account
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for nearly half of the 2 million lives lost to chemical exposure each year75,
almost one-third of the global burden of idiopathic intellectual disability,
which includes delayed or impaired speech, language,motor condition, and
visuo-spatial skills, and 4.6% and 3% of the global burden of cardiovascular
disease and chronic kidney disease, respectively75. Oehlsen (2024)76 con-
cluded that lead exposure remains an important but neglected problem
globally, noting that deaths from lead exposure “fall between HIV/AIDS
(approximately 864,000 annual deaths) and tuberculosis (approximately
1.18 million annual deaths)”, while “our best guess of philanthropic
spending in reducing lead exposure per disability-adjusted life-year lost is 45
cents, which is two orders of magnitude lower than our estimate of the
equivalent figure for malaria and tuberculosis, themselves neglected
diseases”76.Here,we reviewwhat is currently knownabout the effects of lead
exposure before discussing methodological issues and data gaps that high-
light the need for further research.

The large global burdenof lead is due to the extensive reach it has in the
human body even in small concentrations due to its ability to replace cal-
cium, allowing it to affect a wide range of organ systems. Lead affects the
central andperipheral nervous system77, thehematopoietic system, the renal
system, the reproductive system, and the cardiovascular system, causing
encephalopathy, peripheral neuropathy, renal dysfunction, hypertension
and cardiovascular disease, infertility, miscarriage, and pre-eclampsia78.
Moreover, after circulating in the bloodstream for an estimated 38 days
following ingestion or inhalation, lead is stored in bone tissue and can be
released later in life when the body loses bone mineral density or has an
increased demand for calcium, e.g. during pregnancy1. At low BLLs, lead
exposure is generally asymptomatic at first, with permanent damage
potentially manifesting years later1,79. High BLLs can lead to immediate and
acute symptoms such as seizures and gastrointestinal issues1.

While lead exposure has negative consequences at all ages, it is parti-
cularly harmful for the developing fetus and children. Lead crosses both the
placenta and the blood–brain barrier, making it especially damaging to the
developing central nervous systems of the fetus and young children80.
Experimental studies in animal models show that the fetus is particularly
vulnerable to the effects of lead because lead affects processes critical to the
development of the central nervous system81,82. Thus, relatively low levels of
exposure that do not greatly harm the mother may adversely affect fetal
development and therefore affect subsequent development and behavior
during childhood81,83. This can occur through direct toxicological effects or
epigenetic effects84,85. Children have an enhanced exposure to lead due to
hand-to-mouth transfer of dust and soil, and also absorb a greater pro-
portion of the lead they ingest than adults80. Childhood lead exposure has
been associated with reduced IQ86, lower cognitive function87,
impaired academic performance and behavioral problems88, increased risk
of attention deficit hyperactivity disorder89, and hearing loss90. Importantly,
all these physiological pathways likely affect children’s cognitive abilities, as
evidenced by a large literature showing that lead exposure is associated with
worse educational outcomes globally91–95.

Due to lead’s negative impacts on impulse control and aggression, low-
level early childhood lead exposure increases youth behavioral issues and
crime95,96. Aizer and Currie estimated that 75% of the decline in school
suspensions between 1994 and 2015 observed in Rhode Island could be
explained by a reduction in BLLs following the ban on leaded gasoline and
remediation of lead paint hazards in homes95. However, the effects of early
childhood lead exposure can persist into adulthood97,98. For example,
Grönqvist et al. found that childhood lead exposure in Sweden causes a
higher probability for criminal conviction up to age 35 years, aswell as lower
high school graduation rates96. While lead exposure in the developed world
has declined markedly in recent decades, these long-term effects remain
relevant today. McFarland et al. found that about half of the US adult
population in 2015 had childhood BLLs in excess of 5 µg/dL99, the CDC’s
upper reference range value for childhood BLLs at that time. The current
value has been lowered to 3.5 µg/dL30.

BLLs above 5 µg/dL in adults have been associated with increased all-
cause mortality and increased mortality from cardiovascular and ischemic

heart disease100. The 2019 GBD estimated that 0.85 million cardiovascular
disease deaths in 2019 were attributable to lead exposure5. Larsen and
Sanchez-Triana suggested that this value could be a substantial under-
estimate, by as much as a factor of six101. Hollingsworth and Rudik found
that airborne leadpollutionduringNASCARraces,which allowed theuse of
leaded gasoline until 2007, increasedmortality in elderly people102. A review
by Ramirez Ortega et al. suggested that lead exposure causes decreases in
cognitive function among adults as well, including decreases in short-term
memory and motor control alterations80.

While the biological mechanisms through which lead exposure affects
the human body are well understood, the evidence for themagnitude of the
resulting effects on cognitive, health, and behavioral outcomes described
above is based on observational data rather than data from experimental
studies, due to obvious ethical constraints. Lead exposure is not randomly
assigned: it is robustly associated with a wide range of socio-economic
factors that likely affect the same health, educational, and behavioral
outcomes103. For instance, lower-income neighborhoods typically
featureolderhousing stock,with associated risksof leadexposure frompaint
and pipes, and are more likely to be located on or near former industrial
areas104. Because socio-economic status is directly related to health, educa-
tional, and behavioral outcomes, as well as to lead exposure, it is challenging
to separate the causal effect of lead from its association with confounding
variables.

Most observational studies fall into two broad groups based on their
approach to resolving this methodological challenge. The first relies on
regression adjustment to account for known, observed confounding
factors89,100. As an example, Crump et al. adjusted for birth weight, maternal
IQ,maternal education,maternal alcohol,maternal tobaccousage, andbirth
order, among others, when estimating the dose–response relationship
between lead exposure and IQ scores105. The second group responds to the
concern raised byDominici et al. that “associational approaches to inferring
causal relations can be highly sensitive to the choice of the statistical model
and set of available covariates that are used to adjust for confounding“106.
This type of research relies on quasi-experimental (QE) variation in lead
exposure “determined naturally by politics, an accident, a regulatory action,
or some other action beyond the researcher’s control” that “plausibly
mitigates biases arising from confounding factors”77. Examples of this type
of study include Aizer et al., Aizer and Currie, Grönqvist et al., and Hol-
lingsworth and Rudik92,95,96,102.

This difference in approach is important: the associational regression
adjustment approach and the QE approach often produce substantially
different estimates of the same causal effects. Higney et al. found system-
atically smaller estimates of the causal effect of lead on crime in the US
among associational studies than in QE studies107. On the other hand,
Crawford et al. noted that, amongfiveQEstudies relying on an instrumental
variable approach that permits direct comparisonbetweenassociational and
QE estimates based on the same data, QE (instrumental variables) estimates
of the effect of lead on cognitive outcomeswere systematically higher91. This
pattern may be explained by measurement error in the exposure variable.
For example, BLLs are often measured by a finger prick (capillary) test, and
even more accurate measurements from venous blood samples measure
only recent short-term exposure, given the short half-life of lead in blood.
Because the instrumental variables approach corrects for measurement
error of the form that is empirically plausible in this context92, this provides
another argument for the advantages of a QE approach.

An important limitation of most of the QE studies described above is
that they rely on data from higher-income countries, where data on BLLs
and outcomemeasures are more readily available. Thus, while these studies
have a high degree of internal validity, their results may not be applicable to
LMICs where lead exposure remains high and widespread. Indeed, even
many high-income countries lack representative recent population-level
data on lead exposure (e.g., the UK). There is a continued need to improve
the monitoring of lead exposure across the world. As pointed out by Clay
et al.77, however, “even in the absence of data on BLLs, quasi-experimental
studies provide policy-relevant evidence on lead exposure outcomes.” All
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that is required, in principle, is an outcome measure and a source of quasi-
random variation that is known to affect lead exposure.

Calculation of earning losses
Population-level lead exposure remains significant in the post-leaded
gasoline world, especially in LMICs6. This continued exposure reflects the
persistenceof legacy lead alongwith the emergence of newemission sources,
and suggests a transition to chronic, potentially asymptomatic, environ-
mental lead exposure from a multitude of sources. To help appreciate the
magnitude of the continued harm from lead exposure, we here estimate the
global cognitive damage from childhood lead exposure. The decision to
focus on cognitive effects in children, rather than broader health and
behavioral impacts across all age groups, is informedbymeasurement issues
and data availability constraints.

First, BLLs, the most commonly available lead exposure measure,
primarily reflect recent acute exposure rather than cumulative exposure.
Despite this, BLLs are a better proxy for cumulative lead exposure in chil-
dren than adults, because children have a shorter period of potential
exposure. Second, attributing mortality and morbidity to lead exposure
requires data that alignpast lead exposurewith current healthoutcomes. For
adults, while we have ready access to current data on mortality and mor-
bidity, comprehensive historical lead exposure data are often lacking,
especially on a global scale. Conversely, for children, we often have access to
current lead exposure data but lack data on the long-term health outcomes
thatmaymanifest later in life, as well as the ability to causally link childhood
exposure to later-life outcomes. Furthermore, quantifying the global costs
associated with the well-documented behavioral effects of lead exposure,
such as increased impulsivity and aggression, presents significant metho-
dological challenges due to themultifactorial nature of behavior and the lack
of standardized global measures. For example, one would need data on
criminal justice costs for both juveniles and adults on a global scale. Lastly,
we rely on established literature in economics and public health that pro-
vides a framework to translate cognitive impacts into monetary values and
allows for a clearer attribution of cause and effect. By focusing on cognitive
damage in children, we aim to provide a more robust and conservative
estimate of lead’s global impact. However, it is important to note that this
approach likely underestimates the total global socioeconomic burden of
lead exposure, as it does not account for long-termhealth effects, behavioral
impacts, or cumulative exposure in adults.

While developed independently, our approach is similar to that of
Larsen and Sanchez-Triana, who estimate a total monetary value of about
$1.3 trillion (2019 USD) assigned to “future income losses from IQ loss”
among children aged up to 5 years101. Our calculations, described below,
yield a somewhat higher total value. This likely reflects different metho-
dological choices along with a different choice of scaling. We describe here
our procedure for computing the costs of global cognitive damage. Full
methodological details appear in Text S4, and full replication code and data
are available from the public repository: https://github.com/fditraglia/lead-
review-maps. In summary, we proceeded in four steps. The first step uses
GBDdata to approximate the distribution ofBLLs among 0–19-year-olds in
each country in 2019. The second step converts the distribution of BLLs in
each country to a mean number of IQ points lost per young person105. This
provides a measure of the mean cognitive damage from lead exposure. The
third step estimates the economic costs of this cognitive damage by com-
bining cross-country data on the returns to education—a proxy for the
relative returns to cognitive skills—with estimates of the reduction in life-
time earnings from lower cognitive ability taken from the US Environ-
mental ProtectionAgency108. The fourth andfinal step conducts a sensitivity
analysis by varying the assumptions, methods, and input data used in steps
one and two.

The economic costs of cognitive damage fromchildhood lead exposure
are reported in twoways. Thefirst gives themean foregone lifetime earnings
in percentage points for a given country (relative IQ cost). A value of 5% for
relative IQ cost, for example, would indicate that a sample person aged 0–19
years in a particular country will earn 5% less over their lifetime because of

lead exposure. The second converts these percentages into dollar values by
multiplying thembyGDPper capita at purchasing power parity in constant
2021 international dollars and by the population aged 0–19 years. Summing
the result across countries gives total IQ cost.

Figure 2a, b shows the estimatedpercentageof childrenaged0–19years
with BLLs above 5 and 10 µg/dL in 199 countries in 2019, based on GBD
data. Lead exposure in LMICs notably exceeds that in high-income coun-
tries. This disparity likely arises fromearlier bans on leaded gasoline in high-
income countries, coupledwith the natural renewal of the automotive stock,
and stricter regulation of the industrial and domestic use of lead more
generally. Our cost estimates are shown in Fig. 2c and Table 1: Fig. 2c shows
relative IQ cost values for countries in our sample in 2019; Table 1 shows
mean values of the relative cost by continent and the total (global) IQ cost
measure. Table 1 shows the baseline results along with several sensitivity
analyses described in detail in Text S4.

In general, relative IQ costs are higher in LMICs (Fig. 2 and Table 1).
Nevertheless, economic losses are not necessarily proportional to lead expo-
sure prevalence. This is because some countries with lower lead levels have
relatively high returns to education, our proxy for the value of cognitive skills.
As such, the per capita economic losses appearmore uniform across countries
than lead exposure itself. A caveat regarding the use of returns to schooling to
construct Fig. 2c is that differences in these returns reflect, among other
factors, systemic, and historical differences in environmental and political
conditions. Arguably, these differences stem from the same global power
imbalances that generated differential lead exposure burdens. Bearing this
caveat in mind, the calculations described above nonetheless provide a rea-
sonable lower bound on global damages from lead exposure. The resulting
estimates span a wide range, from about 1.7% to 29.7%, with the median
country losing about 7% of lifetime earnings population-wide. For purposes
of comparison, Larrimore et al. report that median pre-tax income fell by
about 4% in the US during the great recession109 between 2007 and 2008,
while Atwood (2022) found that the introduction of the measles vaccination
in the US increased adult income by 1.1% through improved productivity110.
Our estimate of the global yearlymonetary loss from childhood lead exposure
is approximately $3.4 trillion (constant 2021 international dollars, that is
values are expressed in US dollars and adjusted for purchasing power parity),
just over 2% of global GDP in 2019 (Table 1). Importantly, this value shows
only returns for the current cohort of children aged 0 to 19 years (approxi-
mately one-third of world population), but reducing lead exposure will
generate additional returns for older cohorts as well as future ones.

The sensitivity analyses show that relative IQ costs in LMICs are less
sensitive to methodological choices than those in high-income countries in
Europe, North America, and Oceania (Table 1). This is because high-
income countries have lower mean lead exposure and the alternative
assumptions that we explore in our sensitivity analysis are more con-
sequential at the lower range of BLLs. Across different sensitivity analyses,
the total IQ cost ranges from $780 billion to $4.9 trillion (constant 2021
international dollars) per year.While theprecise valuedependsonmodeling
assumptions, the overall order of magnitude is stable, suggesting that the
human and economic costs of unaddressed lead contamination remain
significant worldwide.

Lessons learnt and outstanding questions
Environmental lead remains a complex global challenge and continued
efforts to curb exposure and its socioeconomic costs are essential to safe-
guard future generations. We identify to this end four urgent priorities for
action.

First, minimize leakage of lead across the life cycles of lead-
containing products. Rising demand for solar panels, lead–acid bat-
teries, and other electronic materials linked to the transition to net-
zero emissions risks amplifying environmental releases. Rigorous life-
cycle analyses and the adoption of best practices are essential to
ensure their sustainable use.

Second, reduce environmental exposure, particularly in low- and
middle- income countries. Unsafe recycling of lead–acid batteries and
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adulteration of foods, paints, and ceramics expose both workers and con-
sumers to high risks. Targeted interventions— strengthened occupational
protections, improved product standards, and enforcement against illegal
practices— are critical to mitigate these impacts.

Third, expand environmental monitoring and improve source attri-
bution capabilities. Early detection of lead leakage is essential for effective
intervention, yet large-scale monitoring across populations, consumer

goods, and environmental reservoirs is costly and logistically and politically
challenging111. Advances in remote sensing, machine learning112, and low-
cost sensors for lead measurements in environmental matrices and blood
offer new opportunities, particularly for low- and middle-income
countries101. Integrating local knowledge and involving at-risk commu-
nities will be critical to identify hotspots and ensure interventions are
effective and equitable.

Fig. 2 | Estimated lead exposure and IQ costs of lead exposure across countries.
The figure shows estimated percentage of children aged 0–19 years in 2019
with elevated blood lead levels: a above 5 μg/dL (level of concern in USA between
2012 and 2021); and b above 10 μg/dL, using data from the Global Burden of

Disease5. Panel c shows the estimated mean percent of lifetime earnings lost per
child aged 0–9 years due to cognitive losses associated with lead exposure in each
country. See Text S4 for details on the derivation of the underlying data.
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Fourth, improve our understanding of the social and economic con-
sequences of low-level lead exposure. Exposure disproportionately affects
socioeconomically disadvantaged populations, with impacts shaped by chil-
dren’s social environments113. Advancing this understanding requires accurate
models101, granular population-level blood lead data, and interdisciplinary
collaboration across environmental science, public health, and social sciences.
Engaging local communities in research is essential to link environmental
sources to health outcomes and to design context-sensitive interventions.

Data availability
The full replication materials for the economic calculations are available
from the GitHub repository for this paper at https://github.com/fditraglia/
lead-review-maps. The editable format for gasoline lead emission data, and
the aerosol lead concentrationdata in selected cities (Fig. S6) are available on
https://doi.org/10.25540/HXFN-68FM.
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