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Water pollution and childhood leukaemia risk: a systematic review
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Abstract

Water pollution represents a major global health concern, especially in low- and middle-
income countries where toxic metals (TMs) and pesticides can contaminate drinking water
through industrial, agricultural and urban activities. Children are particularly susceptible due
to their developing physiology and higher water intake relative to body weight. This review
aims to explore the association between exposure to TMs and pesticides in drinking water
and the risk of childhood leukaemia (CL), highlighting the broader significance for environ-
mental health and child safety. A structured search in PubMed, Scopus and Google Scholar
(2001-2024) identified studies on acute lymphoblastic leukaemia or acute myeloid leukae-
mia in individuals under 20 years of age, assessing exposure to trace metals or pesticides via
drinking water. Observational designs were included, excluding studies unrelated to water
exposure or lacking paediatric data. Records were screened and reviewed independently by
four authors. Findings were heterogeneous, with several studies suggesting potential links
between specific contaminants like arsenic, hexavalent chromium, pentachlorophenol and
certain pesticides and an increased risk of leukaemia in children, while others found no signifi-
cant associations and noted methodological challenges such as small sample sizes and diffi-
culties in exposure measurement. Although current evidence remains inconclusive regarding
a direct causal relationship, this review underscores the need for rigorous, long-term research
to clarify the role of waterborne pollutants in CL and to guide public health strategies.
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Background

Water pollution (WP) is a significant global public health issue linked to cancer development [1-5]. Toxic metals (TM) and pesticides, detected
in water from industrial, agricultural and domestic sources [1, 2, 6, 7], pose risks to children due to their developing physiology and longer
life expectancy [8-12]. Childhood leukaemia (CL), mainly acute lymphoblastic leukaemia (ALL) and less commonly acute myeloid leukaemia
(AML), is one of the most frequent paediatric cancers [13]. Although some studies associate exposure to TM and pesticides in water—like
arsenic (As), lead (Pb), cadmium (Cd) and certain pesticides—with increased leukaemia risk, evidence remains inconsistent [14-19]. In Latin
America, WP is severe, with elevated levels of TM and banned pesticides, stemming from natural sources or human activities, but monitoring
is often limited, creating significant data gaps [20-25]. Assessing whether waterborne contaminants contribute to CL is crucial, especially
in low- and middle-income countries with weaker environmental controls and higher CL incidence [20-22, 26, 27]. This systematic review
examines literature from 2001 to 2024 to evaluate links between TM and pesticide exposure in water and CL risk, aiming to synthesize evi-
dence, identify gaps and inform future research and public health actions.

Methods

A structured search strategy and selection criteria were applied to ensure the inclusion of relevant and methodologically sound studies.

Studies were included if they reported cases of ALL or AML in populations under 20 years of age, regardless of whether adult populations
were also included in the study. That is, studies involving mixed-age populations were eligible, provided that data on individuals under 20
years were clearly analysed.

Eligible studies assessed exposure to trace metals (e.g., As, Cd and Pb) or pesticides via drinking water or directly related environmental path-
ways. We considered observational designs such as case-control, systematic reviews, ecological or geospatial analyses.

Exclusion criteria included studies focusing exclusively on chronic leukaemias or on populations over 20 years of age without clear inclusion
of paediatric or adolescent subgroups. Studies were also excluded if the exposure pathway was unclear, unrelated to water or if they lacked
sufficient information on the contaminants or exposure mechanisms.

A targeted literature search was conducted in PubMed, Scopus and Google Scholar. The most recent search was performed on May 15,
2025. The search strategy was structured around three core concepts: leukaemia, water contamination and paediatric population. Controlled
vocabulary (MeSH, DeCS) and free-text terms were combined using Boolean operators and adapted to the syntax of each database.

Key search terms included

e Leukaemia: ‘Leukaemia’[Mesh], ‘Leukaemia, Lymphoid’[Mesh], ‘Leukaemia, Myeloid’[Mesh], leukaemia
e Water contamination: ‘Water Pollutants’[Mesh], ‘Drinking Water’[Mesh], water contamination, toxic water
e Population: ‘Child'[Mesh], ‘Adolescent’[Mesh], ‘Infant’[Mesh], child, adolescent, teen, paediatric

Custom searches were also conducted for specific contaminants (e.g., As, benzene and nitrates) and gray literature was retrieved through
flexible queries in Google Scholar (e.g., ‘water contamination’ AND leukaemia AND children), applying manual filters for language (English/
Spanish) and publication years (2001-2024).

Study selection and data summary

All records were independently reviewed by four authors (JFL, DML, DTM, KJT) in two phases: title/abstract screening followed by full-text
review. Studies were selected based on relevance and methodological clarity. Disagreements were resolved by consensus (Figure 1).
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Figure 1. PRISMA flow diagram.

Results

A total of 15 studies were included in this systematic review, covering a range of geographical regions including North America, Europe, Asia
and Africa. These studies were conducted between 1980 and 2023 and employed various study designs, including case-control, ecological
and archival research, to investigate the potential association between WP by TM and pesticides and the risk of CL. The sample sizes ranged
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from small case-control studies (less than 100 participants) to larger ecological studies involving tens of thousands of individuals.
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The studied populations varied, with most studies focusing on children or individuals under 20 years of age, though a few also included
adults. The primary outcome assessed across these studies was CL, with some studies also examining other hematological malignancies such
as lymphoma and myeloma. The cancers investigated were predominantly childhood ALL and other forms of leukaemia, though some studies
also considered broader cancer types such as non-Hodgkin lymphoma, multiple myeloma and chronic lymphocytic leukaemia.

The studies primarily focused on exposure to specific substances in DW, such as As, chromium (hexavalent), radon, volatile organic com-
pounds and various pesticides, including herbicides like atrazine, simazine and alachlor. Exposure mechanisms were primarily linked to DW,
with a few studies also considering oral ingestion through food, geophagia and residential proximity to contaminated areas [28-32]. The
exposure assessment methods varied, with some studies measuring contaminant concentrations directly in water samples using techniques
such as liquid scintillation, atomic absorption spectrometry or gas chromatography, while others used geographic models or databases to
estimate exposure levels [33, 34].

The primary aim of most studies was to evaluate whether there was an increased risk of CL or other cancers in populations exposed to these
contaminants [28, 31, 32, 35-37]. Some studies sought to identify specific environmental factors or contaminants responsible for observed
cancer clusters in certain regions, while others aimed to investigate the general health risks associated with long-term exposure to polluted
water sources [29, 30, 33, 34, 38, 39].

In terms of study databases, several studies utilised national or regional environmental health databases, including public water system data,
government environmental records and cancer registries [29, 30, 32, 40]. Some studies also used data from more specific sources, such as
municipal water records or specialised cancer registries, to assess exposure and cancer incidence [28, 31, 39]. The variety in methodologies
and data sources across the studies reflects the complexity of accurately assessing the link between WP and CL risk. Despite the heteroge-
neity in study designs, a consistent pattern emerged suggesting a potential association between exposure to TM and pesticides in DW and
increased leukaemia risk in children.

To provide a concise overview of the studies included in this review, Table 1 summarises the main characteristics of the 15 analysed articles.
It describes the study design, population, type of leukaemia, exposure source, key findings and a brief quality commentary, allowing a com-
parative assessment of the methodological strengths and limitations of each investigation (Table 1).

Abbreviations

AL - Acute Leukaemias, ALL - Acute Lymphoblastic Leukaemia, AML - Acute Myeloid Leukaemia, As - Arsenic, ASR - Age-Standardised
Rate, BbF - Benzo[b]fluoranthene, BkF - Benzolk]fluoranthene, Be - beryllium (BrDCM) Bromodichloromethane, CHBr; - Bromoform (C,H,)
1,3-Butadiene, C,H, - Benzene, CsHg - Styren, CBPR - Community-Based Participatory Research, Cd - Cadmium, CHR - Chrysene, CC’s
- childhood cancer(s), Cl - Confidence Interval, CL - Childhood Leukaemia, CHCIl; - chloroform, CO - Carbon Monoxide, Cr - Chromium,
CrVI) - Hexavalent Chromium, DCE - trans-1,2-Dichloroethylene, DBA - Dibenz[a,h]anthracene, DE - Diesel Exhaust, DW - Drinking
Water, EtOH - Ethanol, EtO - Ethylene Oxide, FI-HG-AAS - Flow Injection-Hydride Generation-Atomic Absorption Spectrometry, GC-MS/
MS - Gas Chromatography-Mass Spectrometry, GIS - Geographic Information Systems, HCHO - Formaldehyde, Hg - Mercury, HL -
Hodgkin Lymphoma, HM - Haematological Malignancy, HPC - Heptachlor, IARC - International Agency for Research on Cancer, ICP-MS
- Inductively Coupled Plasma-Mass Spectrometry, IP - Indeno[1,2,3-cd]pyrene, MDS/MPS - Myelodysplastic/Myeloproliferative Syndrome,
MM - Multiple Myeloma, N,H, - Hydrazine, NHL - Non-Hodgkin Lymphoma, NH,* - Ammonia, NO, - Nitrogen Dioxide, NO; - Nitrates,
NTDs - Neural Tube Defects, NTP - National Toxicology Program, OR - Odds Ratio, P - P Value, PAHs - Polycyclic Aromatic Hydrocarbons,
PCP - Pentachlorophenol, Pb - Lead, PCE - Tetrachloroethylene, PM,, - Particulate Matter 10, PO - 1,2-Propylene Oxide, Rn - Radon,
RRs - Relative Risks, Se - selenium, SDs - standard deviations, SEER - Surveillance Epidemiology and End Results Program, SiO, - Quartz,
SIRS - Standardised incidence ratios, SMRs - Standardised Mortality Ratios, SO, - Sulfur Dioxide, SRRs - Standardised Rate Ratios, TCE -
Trichloroethylene, THMs - Trihalomethanes, TNT - Trinitrotoluene, U - Uranium, UO&G - Unconventional Oil and Gas, USA - United States
of America, VOCs - Volatile Organic Compounds, y - years, Zn - Zinc
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Discussion

The environmental factors influencing CL have been widely debated, with varying findings across different regions and exposure types.
This systematic review examined the relationship between environmental contaminants, particularly in DW and CL. The findings from the
included studies are diverse, with both significant associations and inconclusive results, pointing to the complexity of linking environmental
exposure to leukaemia risk.

Water contaminants and CL risk

Several studies have highlighted the role of DW contaminants in the development of CL. Infante-Rivard et al [35] found an increased risk of
ALL associated with exposure to trihalomethanes and metals like Cd and As in DW in Quebec, Canada. However, they acknowledged the
challenges posed by measurement variability and exposure misclassification. Similarly, Moore et al [28] in Nevada found no significant asso-
ciation between As levels in DW and CL, suggesting that the relationship might not be as straightforward or might be influenced by other
factors [28]. Costas et al [39] investigated potential associations in Woburn, USA, and found a non-significant link between contaminated
water exposure during pregnancy and leukaemia diagnosis, although a significant dose-response relationship was observed for maternal
exposure during pregnancy.

These findings underscore the complexities of exposure assessment in water contamination studies. The potential for misclassification and
the difficulty in accurately measuring long-term exposure levels pose substantial challenges. Further, the studies often relied on ecological or
case-control designs, which have limitations such as recall bias and limited power to detect weak associations.

Chemical exposure and childhood cancer

In addition to waterborne contaminants, industrial chemicals have been a focus of research. Garcia-Pérez et al [29] conducted an ecological
study in Spain and found an increased mortality risk from leukaemia in populations near metal industries that released pollutants into the
air. This result aligns with earlier studies by Thorpe and Shirmohammadi [32], who reported potential associations between childhood can-
cers and the presence of pesticides, particularly herbicides like atrazine and simazine, in groundwater. The study highlighted that childhood
cancers, particularly leukaemia, may be influenced by a combination of chemical exposures, but also noted that genetic factors and other
environmental exposures, such as household pesticide use, could confound the results [32].

Geographic and temporal variability

Several studies have examined the spatial and temporal dimensions of environmental exposure to understand how localised pollution may
contribute to CL. Thompson et al [31] found that certain watersheds in Texas were associated with higher risks of specific childhood cancers,
including leukaemia, while Garcia-Pérez et al [29] noted a dose-response relationship with proximity to industrial installations. This geo-
graphic variability suggests that localised environmental factors, such as the release of toxic substances by industries, may be a key contribu-
tor to increased cancer risks (Figure 2).

Furthermore, studies like Ruckart et al [41] and Elliott et al [38] have examined the role of specific chemical contaminants, such as tetra-
chloroethylene and benzene, in CL. While the evidence is still inconclusive, they emphasize the need for more comprehensive, longitudinal
studies that include better exposure assessment methods and consider additional factors such as genetic predisposition and lifestyle.

Molecular interactions

In recent years, exposure to water contaminated with different TM and pesticides, especially organophosphates and organochlorines, has
been increasing [42]. However, the consequences derived from their consumption and their possible relationship with the development of CL
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have not been explored in depth. Among what has been described, there have been a few environmental factors reported to be linked with
the development of different types of cancer. Some examples of these established risk factors are radiation exposure, genetic syndromes,
chemotherapy and pesticides (e.g., benzene) (Figure 3). On the other hand, it has been suspected that TM and other types of pesticides inter-
act directly with hematopoietic stem cells, altering their capacity to proliferate and differentiate [43].

Genetic syndromes Chemotherapy

. J

P o \ / [<

|
— s Established «—

CHILDHOOD LEUKEMIA

! Wetalad toic metals <)
ancer family histor \ Boesible / @
o () o @@
M 2 ?I‘ o

Magnetic fields exposure Sociodemographic factors

Figure 2. Established and possible risk factors for the development of leukaemia [47-49].
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Figure 3. Main contact pathways of contaminated water by TM and pesticides related with CL development. (a) WP with TM and pesticides by sewage,
industrial waste and pesticide use in agriculture. (b) The contaminants may enter into the human body through different ways: inhalation, ingestion
and/or dermal contact. (c) Circulation of the toxic agent in the vascular system up to the bone marrow and their absorption. (d) Cellular impact of TM in
hematopoietic cells potentially involved to the development of CL. (e) Described possible effects of pesticides exposure in the hematopoietic cells related
to the development of CL [50, 51].

Also, both pesticides and TM have been related to the alteration of the hematopoietic microenvironment (Figure 4) [44-46]. This alteration
is generated by the hyperproduction of reactive oxygen species, producing oxidative stress. This causes damage to cellular DNA, including
double-strand breaks and mutations in genes critical for hematopoiesis [44-46].

This microenvironment favours the formation of free radicals, which modify or hinder the function of various enzymes and isomerases
involved in DNA replication or DNA repair enzymes, such as PARP-1 and OGG1. In consequence, the accumulation of mutations triggers
chromosomal aberrations, among the most common, translocations, resulting in genomic instability [45, 47, 48].

Similarly, epigenetic alterations occur, affecting the cell cycle. First, by modulating DNA methylation and histone acetylation, resulting in
a decrease in the expression of tumour suppressor genes and activating oncogenes. Second, by altering cell signaling pathways such as or
NF-kB, which directly alter the proliferation and differentiation of hematopoietic precursors or by altering genes such as BRCA1 and TP53,
key in tumour suppression [49, 50].
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All these mechanisms chronically generate an alarming immunosuppression, since the levels of natural killer and CD8+ T lymphocytes are
reduced, thus allowing the proliferation of leukaemic cells [51] (Figure 4).
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Figure 4. Molecular pathways disrupted by TM and pesticide exposure potentially linked to leukaemia. (a) Normal hematopoiesis. (b) Bone marrow
contamination with TM and pesticides generating cellular stress. (c) Alteration of the microenvironment by oxidative stress with the generation of free
radicals and reactive oxygen species. (d) DNA damage generating mutations in critical genes (TP53), chromosomal aberrations such as translocations and
inhibition of enzymes involved in DNA repair (PARP-1, OGG1, XRCC1 and polymerases). (€) Modification of hematopoietic precursors by alteration of
signaling pathways such as JAK/SAT and alteration in HOX gene expression. Interruption of cell apopotosis due to activation of BCL-2 and NF-KB. Global
DNA hypomethylation activating oncogenes such as RAS. (f) Bone marrow with leukaemic clones secondary to immunosuppression and evasion of the
immune response due to reduced expression of MHC-I in tumour cells [37-39].
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Challenges and limitations in environmental exposure research

Despite the vast body of literature on environmental contaminants and CL, many studies, including those by Oller-Arlandis and Sanz-Valero
[37] and Cheng et al [33], face significant methodological limitations. These include the reliance on ecological data, small sample sizes and
lack of direct exposure measurements. Most studies rely on residential proximity to contamination sources or indirect exposure estimates,
which can lead to exposure misclassification. Furthermore, the limited availability of data on individual-level factors like diet, occupation and
personal habits makes it difficult to establish clear causal links.

A notable example of these challenges is the study by Ruckart et al [41], which found associations between contaminated DW and childhood
cancers but acknowledged the difficulty in controlling for all potential confounding variables, including the lack of detailed information on
household water usage and occupational exposures.

Future directions

Future research should focus on more robust study designs, including cohort studies that can better assess individual exposure and account
for confounding variables. The use of biomarkers and more precise exposure assessments, including the measurement of specific contami-
nants over time, could significantly enhance the accuracy of findings. Additionally, the role of genetic factors in modulating the effects of
environmental exposures should be explored more thoroughly, as genetic susceptibility may play a crucial role in determining the risks of
leukaemia from environmental pollutants.

Longer-term, multi-center studies with diverse populations, particularly in low- and middle-income countries, are needed to strengthen the
evidence and address the geographic and temporal variability in exposure patterns. Moreover, integrating environmental monitoring data
with clinical cancer registries would provide a more comprehensive understanding of the relationship between environmental exposures and
CL.

In conclusion, while evidence of a link between environmental contaminants in DW and CL is accumulating, further studies are needed to
clarify the strength of these associations and to overcome the methodological challenges of exposure assessment and confounding factors.
The complexity of these relationships requires ongoing investigation and a multidisciplinary approach to understand how environmental fac-
tors contribute to childhood cancer risk.

List of abbreviations
ALL - acute lymphoblastic leukaemia, AML - acute myeloid leukaemia, As - arsenic, Cd - cadmium, CL - childhood leukaemia, DeCS -
Descriptores en Ciencias de la Salud, IMSS - Instituto Mexicano del Seguro Social, MeSH - Medical Subject Headings, Pb - lead, PRISMA

- Preferred Reporting Items for Systematic Reviews and Meta-Analyses, TM - toxic metals, UMAE - Unidad Médica de Alta Especialidad,
USA - United States of America, WP - water pollution.
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