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Evidence on the carcinogenic effects of municipal solid waste incinerators (MSWI) is inconsistent. This meta-
analysis assessed associations between exposure to MSWI emissions and cancer risk. PubMed, Scopus, and
Web of Science were searched for ecological, case-control, or cohort studies, evaluating cancer-related outcomes
in populations exposed to MSWI. Study quality was evaluated. Random-effects meta-analyses were performed
when at least three studies reported the same cancer outcome. Heterogeneity was assessed using I> and
robustness with leave-one-out sensitivity analyses. Nineteen studies (11 ecological, 4 cohort, 4 case-control;
1996-January 2025) were included. Most ecological studies had poor quality, while cohort and case-control
designs were fair-good. Meta-analyses showed modest excess risks for non-Hodgkin lymphoma incidence and
lung cancer mortality, with a low certainty of evidence. For other cancers, no consistent and clear associations
were found. Overall, current evidence is uncertain to establish causal links between MSWI exposure and cancer.
The predominance of ecological designs, limitations in exposure assessment, and methodological heterogeneity
contribute to this imprecision.

municipal solid waste resulting from population growth, consumption
patterns, and manufacturing practices (namely, in high-income coun-

1. Introduction

At the European level, alongside recycling and reusing, municipal
solid waste incineration has been acknowledged as a pivotal element of
the circular economy strategy. In municipal solid waste management,
municipal solid waste incineration has been particularly applied to re-
sidual burning materials that cannot be recovered through circular
pathways, with a relevant positive impact also in the reduction of
landfill disposal (Directive (EU) 2018/851 of the European Parliament
and of the Council of 30 May 2018, amending Directive 2008/98/EC
on waste, 2018; European Commission, 2021; European Environment
Agency, 2025; Kalmykova et al., 2018; Laureti et al., 2024; UN
Environment Programme, 2022). As a result of the growing amount of
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tries), cities have been under increasing pressure to derive and imple-
ment more sustainable and efficient waste management practices
(Ghisellini et al., 2016; Kafle et al., 2025; UN Environment Programme,
2022).

Current legislation establishes emission limits for municipal solid
waste incineration that are considered safe from a public health
perspective (Directive (EU) 2010/75/EU of the European Parliament
and of the Council of 24 November 2010, on industrial emissions
(integrated pollution prevention and control), 2010). Even so, MSWI
implies the release and possible accumulation of numerous pollutants
into the environment. The emitted compounds may vary according to
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the waste composition and can include a wide range of potentially
carcinogenic substances, such as heavy metals, nitrogen oxides, sulfur
dioxide, dioxins, and furans (Negri et al., 2020; Valberg et al., 1996).
The waste composition also shifted in time, now with more complex,
composite materials (Rogers and Jaspers, 2025). For this reason, con-
cerns persist regarding the potential health effects of long-term exposure
to these complex mixtures, even at low-dose levels.

Some studies have supported an association between exposure to
incineration emissions and increased risk of several cancers and related
mortality (Raffetti et al., 2019; Ranzi et al., 2011; Sharma et al., 2013;
Vinti et al., 2021). Heavy metals such as cadmium (Cd), arsenic (As), and
chromium (CrVI) are well-established human carcinogens (International
Agency for Research on Cancer, IARC, 2012), often linked to elevated
cancer risk (Barone et al., 2016; Duan et al., 2020). As released com-
pounds from waste incineration tend to concentrate mostly in ash and
residues, the populations residing near incinerators or other industrial
facilities may be exposed to increased risk (Ancona et al., 2015; Bottini
et al., 2025; Sharma et al., 2013; Valizadeh et al., 2024). While most
studies have focused on single agents, complex mixtures of chemical
compounds may act synergistically, thus amplifying potential carcino-
genic and mutagenic effects (Carpenter et al., 2002; Gonzdlez et al.,
2019; Yao et al., 2021).

In parallel with increasingly stricter emission controls, advances in
knowledge over the last few decades have been made possible due to
improved evaluation and monitoring methods for studies targeting
populations living near municipal solid waste incineration sites (Ancona
et al., 2015; Cordioli et al., 2013; Negri et al., 2020). Nevertheless,
findings remain contradictory, with studies covering first-generation
incinerators often reporting increased risks for overall cancer,
soft-tissue sarcoma, non-Hodgkin lymphoma (NHL), or pancreatic can-
cer. In contrast, studies focused on second- or third-generation in-
cinerators produced inconsistent or null associations (Negri et al., 2020).
Despite this, methodological challenges have contributed to the state of
the art with conflicting evidence in the field (Negri et al., 2020; Vinti
et al., 2021). Small sample sizes, short follow-up periods, and predom-
inantly ecological designs tend to limit statistical power and causal
inference (Negri et al., 2020; Ranzi et al., 2011). Moreover, a
non-systematic control of confounding factors—e.g., smoking, socio-
economic status (SES), occupational exposure—hinders proper result
interpretation (Ancona et al., 2015; Negri et al., 2020; Ranzi et al., 2011;
Vinti et al., 2021). Other elements that may have also contributed to the
ongoing uncertainty include: exposure misclassifications, inappropriate
latency periods between exposure and disease incidence, or incomplete
residential narratives (Negri et al., 2020; Ranzi et al., 2011).

Moreover, because the type of waste directly influences the mixture
and concentration of pollutants released, combining different inciner-
ator types may introduce additional variability and bias (Baek et al.,
2022). To address this limitation, we conducted a systematic review
and meta-analysis restricted to studies assessing exposure to municipal
solid waste incinerators (MSWI). This focused approach allowed for a
reduction in heterogeneity stemming from different waste streams and
enabled a more precise evaluation of long-term cancer risks in sur-
rounding populations.

This systematic review and meta-analysis aimed to assess whether
exposure to MSWI is associated with cancer risk in human populations.
Specifically, it aimed to synthesize the available epidemiological evi-
dence across study designs and cancer types.

2. Methods

This systematic review with meta-analysis was performed following
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Page et al., 2021). The protocol was
registered in the International Prospective Register of Systematic Re-
views (PROSPERO) on April 1, 2024 (CRD42024526207).
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2.1. Eligibility criteria

The inclusion criteria comprised original peer-reviewed epidemio-
logical studies written in English, including observational (i.e., cohort,
case-control, or cross-sectional), ecological, spatial, or quasi-
experimental designs. The studies should have assessed the association
between exposure to municipal solid waste incinerator (MSWI) emis-
sions from all types of waste incinerators of domestic/municipal/urban
solid waste material (regardless of the incinerator’ construction period
and of legal emission limits), and cancer incidence, prevalence, related
mortality, or hospitalizations, providing risk estimates comparing
exposure with no or low-dose exposure. Exposure should have been
defined by residential proximity, residential geocoding, pollutants
dispersion modelling, or other methods.

The following studies were excluded: i) experimental in vitro and
animal studies, case series, case reports, review articles (including
narrative, scoping, or systematic reviews), commentaries and opinion
pieces, or conference abstracts; ii) studies on occupational exposure to
incinerators; and iii) studies on general industrial pollution wherein
incinerator emissions were not evaluated in a disaggregated way.

For narrative synthesis, studies were grouped by outcome measures
according to the type of health outcome (incidence, prevalence, mor-
tality, or hospitalization) and cancer type.

2.2. Information sources

The search for eligible studies was conducted in the bibliographic
databases PubMed (via NCBI), Scopus (Elsevier), and Web of Science
Core Collection (Clarivate). Reference lists of all included studies, as
well as those of systematic review papers, were manually screened for
identification of additional records. All sources were last searched on
January 6, 2025 (the final update of the systematic search conducted
prior to manuscript submission). Eligible records available in the
searched sources from database inception up to this final search date
were considered for inclusion.

2.3. Search strategy

The search strategy was developed using a combination of relevant
key terms in English (MeSH terms, text words in titles, abstracts, key-
words, and their equivalents), describing the exposure and health out-
comes. These terms were adapted for each database, with the full list of
used terms and specific search strings detailed in supplementary
material (Table S1). No publication date limits were applied, allowing
for the inclusion of eligible records available from database inception up
to the final search date. The only additional filter was applied in the Web
of Science database, where the search was restricted to document types
categorized as articles. The results were exported from the databases to a
Microsoft Office Excel® document.

2.4. Selection process

After duplicate records were removed, authors in pairs indepen-
dently screened titles and abstracts against the inclusion and exclusion
criteria using Microsoft Office Excel®. Then, full-text records were
retrieved and independently reviewed in duplicate. Decisions were
compared, and disagreements were resolved through discussion and
consensus. If consensus could not be reached, a third author was con-
sulted to make the final decision. No automation or translation tools
were used during the screening process.

2.5. Data collection process
Data from each record were extracted by one author and validated by

a second author. As with the study selection process, disagreements
were resolved through discussion and consensus, with a third author
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consulted if consensus could not be reached. Data were recorded in an
Excel® spreadsheet, and no automation or translation tools were used
during the data collection process.

2.6. Data items

The following data were recorded: first author's name, publication
year (for papers published online ahead of print, the final publication
date was used only to record the publication year and was not applied as
an eligibility cut-off), study design, country, study period, incinerator
type, exposure assessment method, duration of exposure, outcomes,
cancer type(s), sex of participants, population type, population/sample
size, exposure category, adjustment variables, effect size type, effect size
with 95% confidence intervals, and key findings. The classification of
cancer diagnoses followed the system reported in each study by the
authors (e.g., ICD or ICD-O).

For each study, relevant results were extracted when reported for
different combinations of health outcomes (e.g., incidence, mortality),
cancer types, and populations (e.g., female, total population). However,
when multiple results were reported for the same combination of health
outcome, cancer type, and population, the following criteria were
applied to extract a single result per combination: i) if exposure was
classified into multiple levels, the effect size comparing the lowest with
the highest exposure group was extracted; ii) if exposure was catego-
rized based on distance from the incinerator, the effect size comparing
the nearest to the farthest areas was extracted; and iii) when both
adjusted and unadjusted estimates were reported, the adjusted values
were extracted.

Furthermore, potential overlap between studies was assessed,
particularly for those conducted in the same country or referring to the
same MSWI. When the facility was the same, this was documented and
considered in the interpretation of results. For the meta-analysis, this
was also taken into account.

In cases where information was unclear or missing, authors were
contacted for clarification or additional data. The information retrieved
from one of the included papers was corrected by the corresponding
author via e-mail. If effect size and confidence intervals were not
explicitly reported, they were calculated from available data or data
provided by the authors.

2.7. Study quality assessment

The quality of the included studies was assessed using the National
Institutes of Health’s Study Quality Assessment (NIH-QA) Tools for
Observational Cohort and Cross-Sectional Studies and Case-Control
Studies, as applicable (National Institutes of Health, 2014). Each re-
cord was evaluated at the study level for potential risks of selection bias,
information bias, measurement bias, and confounding. Based on the
NIH-QA criteria, studies were classified as having "good," "fair," or "poor"
quality.

To ensure reliability, quality assessments were independently con-
ducted by two reviewers. Any disagreements were resolved through
discussion and consensus to achieve final classifications.

2.8. Effect measures

Due to variability in study designs and reporting methods among the
included records, different effect measures were used to report the as-
sociation between exposure to MSWI emissions and cancer incidence or
mortality. These measures included relative risks (RR), odds ratios (OR),
hazard ratios (HR), standardized incidence ratios (SIR), and standard-
ized mortality ratios (SMR).

2.9. Synthesis methods

Studies eligible for qualitative synthesis were tabulated by cancer
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type, outcome measure, and study characteristics (e.g., design, exposure
assessment method, and follow-up period). When three or more studies
reported the same outcome (i.e., specific cancer type and outcome
measure), a random-effects meta-analysis was conducted to account for
potential variability in study populations, methods of exposure assess-
ment, and outcome definitions across studies, using the DerSimo-
nian-Laird estimator as implemented in the metagen function from the
library “meta” (Balduzzi et al., 2019). Analyses were stratified by effect
measure (RR, OR, HR, SMR/ SIR), and an overall combined effect size
was calculated by aggregating the different measures (RR, OR, and HR;
SMR and SIR). This decision was made to account for heterogeneity in
reporting across studies while allowing for a comprehensive synthesis of
the association. By using this approach, we aimed to maximize data
utilization and provide a robust estimate of the effect.

In cases where effect sizes and confidence intervals were not
explicitly reported, they were calculated from the available data or from
additional information provided by study authors (Higgins et al., 2024).
Missing or unclear information was clarified with the authors whenever
possible.

Results of the meta-analyses were visually presented using forest
plots, displaying individual study estimates, weights, confidence in-
tervals, and overall pooled estimates. Heterogeneity measures,
including Tau? and I? statistics, and stratified results were clearly re-
ported in these plots.

Further stratified analyses for eligible studies were planned, based on
overall study quality, methods of exposure assessment (e.g., residential
proximity or dispersion modelling), and exposure duration, but were not
possible due to the insufficient number of studies available.

Before quantitative synthesis, potential overlap between studies was
assessed by comparing geographical areas, data sources or cancer reg-
istries, study periods, cancer outcomes, and reported numbers of cases or
participants. To avoid duplicate inclusion of the same study population,
each meta-analysis included only one effect estimate per independent
study population, cancer outcome, outcome measure, and exposure
contrast. Studies were considered independent when they used different
observed-case datasets, diagnostic periods, cancer outcomes, or
geographical populations. The effect estimates from different pop-
ulations in the same study, i.e., participants of different sex or age group,
were also treated as independent.

Sensitivity analyses were performed by examining the influence of
individual studies (or effect estimate in the case of studies that present
data for more than one group of participants) through leave-one-out
analyses, wherein the meta-analysis was repeated after removing one
study at a time. This approach was applied to identify any dispropor-
tionate influence of individual studies on the pooled effect size. The
results of leave-one-out analyses were interpreted with caution in cases
where meta-analyses included a small number of studies, as the exclu-
sion of a single study could substantially alter the pooled estimate. As no
direct overlap in participants, deaths, or observed cancer cases was
identified among studies contributing to the same outcome-specific
meta-analysis, a sensitivity analysis excluding overlapping datasets
was not needed.

Analyses were performed using R (version 4.4.1) (R Core Team,
2024) and the meta package (Balduzzi et al., 2019).

2.10. Reporting bias assessment

Potential reporting biases were evaluated in all meta-analyses.
Funnel plots were visually inspected for asymmetry, and Egger’s test
(Egger et al., 1997) was used to statistically assess funnel plot asym-
metry when at least 10 effect estimates were included.

2.11. Certainty assessment

The strength of evidence for each outcome was assessed with the
Grading of Recommendations, Assessment, Development and
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Evaluation (GRADE) system (Atkins et al., 2004). This approach entails
five domains that may lead to a downgrade in the certainty of the evi-
dence when limitations are identified in each domain: risk of bias,
inconsistency, indirectness, imprecision, and publication bias. The
overall certainty for each outcome was rated as “high”, “moderate”,
“low”, or “very low”.

3. Results
3.1. Study selection

The search retrieved 8428 records. After duplicate removal, 6255
titles and abstracts were screened, which resulted in the inclusion of 18
studies. After screening the reference lists of included papers (n = 827),
one more was included. In total, 19 studies met the inclusion criteria.
Detailed information on the selection of the studies included is presented
in Fig. 1.

3.2. Study characteristics

Descriptive characteristics of the included studies are presented in
Table 1. Publication years ranged from 1996 to January 2025, reflecting
almost three decades of research in the area. The study periods covered
cancer cases from as early as the mid-1970s to as late as 2018, while
exposure assessments typically spanned earlier decades, in some cases
beginning in the early 1970s.

Most studies were performed in Europe (n = 13), mainly in France
(n =7) and Italy (n = 3), followed by the United States (n = 5). The
included studies followed different designs: eleven were ecological, four
case-control, and four cohort studies (some studies relate to the same
incinerator site, as indicated by asterisks in Table 2). Exposure to MSWI
emissions was defined heterogeneously, including residential proximity
(n = 9; 1-15 km), combined proximity and duration (n = 1), dispersion
modelling (n = 7), and average emission levels (n = 2).
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3.3. Study quality

The methodological quality varied by design (Tables 2 and 3).
Among the 11 ecological studies, the majority were rated as “poor”, with
only a few assessed as “fair”. These studies generally had clear research
questions and outcome measures, but systematic limitations arose from
their cross-sectional nature, namely, exposure not being assessed before
outcome measurement. In addition, follow-up windows may have been
too short to capture long-latency cancer outcomes. Additional weak-
nesses were frequently found in the exposure definition and assessment.
Cohort studies demonstrated higher methodological rigor, with three
out of four rated as “good”. Strengths included well-defined study
populations, robust outcome assessment, and appropriate statistical
analyses, while some limitations were observed in exposure assessment
and the lack of information on blinding of outcome assessors. Case-
control studies were evenly split between “fair” and “good” quality.
They typically had clear case definitions, adequate population repre-
sentation, and appropriate analyses, but recurrent shortcomings were
observed in concurrent controls, temporality of exposure assessment,
exposure measurement, and blinding.

3.4. Summary of results

Across the 19 included studies, 138 effect estimates were extracted,
corresponding to 34 distinct cancer types (Supplementary material
Table S2). Fifteen studies reported cancer incidence outcomes, five
mortality outcomes, and one study reported hospitalization outcomes.
Ten studies described multiple cancer types, while others focused on a
single type, mainly NHL or breast cancer. The most frequently investi-
gated cancer types were NHL (n=11) and lung cancer (n=8).
Ecological studies often addressed different digestive, respiratory, or
hematologic cancers within a single analysis. Cohort studies contributed
primarily to NHL, while also reporting on other outcomes. Case-control
designs focused on breast cancer and, NHL.
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Fig. 1. Study selection flowchart.
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Table 1

Descriptive characteristics of the included studies.

Environmental Toxicology and Pharmacology 125 (2026) 105078

Reference Study design Country Study period  Incinerator type Exposure assessment Population Population/ Cancer types
method cases (classification system)
Incidence
only
Elliot, 1996 Ecological Great Outcome: Municipal solid Residential proximity All ages,both  Total Incidence: all cancers,
Britain 1974-86 waste Exposure: living within sexes population: 3 bladder, connective,
(England), incinerators 3 km from an combined 400 000 colorectal, liver, lung,
1974-84 (n = 52); incinerator Total cases (all lymphatic and
(Wales), household, Counterfactual: national cancers): 114 hematopoietic tissues,
1975-87 commercial and/ rates (regional adjusted) 394 non-Hodgkin
(Scotland) or industrial Lag period (of lymphoma, stomach
waste incinerator activity): 10 (ICD-8 for England and
years for all cancers, Wales and ICD—9 for
stomach, colorectal, Scotland)
liver, lung, connective
and bladder; 5 years for
lymphatic and
hematopoietic tissues
and non-Hodgkin
Federico, Ecological Italy 1991-2005 Solid urban waste ~ Residential proximity Stratified by Total Incidence: all cancers,
2010 and non- Exposure: longest period  sex and both population: 175 bronchus and trachea,
dangerous special  of residence in a census sexes 502 colorectal, laryngeal,
waste incinerator unit within 2 km from combined Total cases (all leukaemia, liver and
(140,000 tons of incinerator cancers): 16 443 bile duct, lung, non-
waste per year, Counterfactual: Hodgkin lymphoma,
equipped with a municipality rates soft tissue sarcoma
dry scrubbing of (where the MSWI is (ICD-0-3)
flue gas that is located)
based on sodium
bicarbonate for
acid pollutants;
activated carbon
for dioxins/furans
and heavy metal
absorption and a
selective non-
catalytic reducer
for nitrogen oxide
abatement)
VoPham et al. Ecological United Exposure: Municipal solid County-level average > 18 yearsof  Total cases: 90 Incidence:
(2022) States 1987-2007 waste annual emissions from age, both 359 hepatocellular
Outcome: incinerators MSWI sexes Exposed cases: carcinoma
2000-2016 (n=57) Exposure: county of combined 14133 (ICD-0-3)
residence with
estimated average
annual emissions from
MSWI > 2.31 g TEQ/
year
Counterfactual: county
of residence with
estimated average
annual emissions from
MSWI of 0 g TEQ/year
Mariné Ecological France 2005-2014 Domestic waste Dispersion modelling Stratified by Exposed Incidence: all cancers,
Barjoan, (reported incineration (dioxin emissions): air sex population: 87 all cancers except skin,
2020 outcomes: facility flow, height of the stack, 462 (53.9% acute myeloid
2010-2014) specific topography and women) leukaemia, bladder,

the occurrence of
complex meteorological
of the site, estimated
concentrations
generated, and
theoretical volume of
smoke emitted
Exposure: residence at
the time of diagnosis in
area exposed to
atmospheric fallout
from the smoke plum
(mean dioxin
concentrations P90:
>17.9 ng/m?/year; P50:
4.25-17.8 ng/m?/year)
Counterfactual:
residence in the

Non-exposed
population: 996
512 (52.7%
women)
Exposed cases
(all cancers): 6
165 (48.1%
women)
Non-exposed
cases (all
cancers): 74 700
(46.7% women)

breast, Hodgkin
lymphoma, laryngeal,
liver, lung, multiple
myeloma,
myelodysplastic
syndromes,
myeloproliferative
syndromes, non-
Hodgkin lymphoma,
pleural mesothelioma,
soft tissue sarcoma
(ICD—10 and ICD-O-3)

(continued on next page)
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Table 1 (continued)
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Reference

Study design

Country

Study period

Incinerator type

Exposure assessment
method

Population

Population/
cases

Cancer types
(classification system)

Goria, 2009*

Viel, 2008b*

Viel, 2000**

Floret, 2003**

Ecological

Ecological

Ecological

Case-control

France

France

France

France

Exposure:
1972-1990
Outcome:
1990-1999

Exposure:
1972-1985
Outcome:
1990-1999

1980-1995

1980-1995

Municipal solid
waste
incinerators
(n=16)

Municipal solid
waste
incinerators
n=13)

Municipal solid
waste incinerator
(processed 67
thousand metric
tons of waste in
1998)

Municipal solid
waste incinerator
(processed 67
thousand metric
tons of waste in
1998)

remainder of the
department (mean
dioxin concentration
<4.25 ng/m?/year)
Dispersion modelling
(second generation
Gaussian model to
estimate atmospheric
dispersion and ground-
level deposit):
estimations obtained
from experts, pollutant
characteristics, stack
height, meteorological
data (wind speed and
direction, temperature,
atmospheric stability)
and environmental
characteristics such as
surface topography and
soil roughness
Exposure: index of
exposure of the
geographical unit of
residence at the time of
diagnosis (based on
mean cumulative
ground-level dioxin
deposits)

Lag period: 10 years for
solid tumours and 5
years for leukaemia.
Dispersion model
(second-generation
Gaussian atmospheric
diffusion model):
quantitative estimates
obtained above from the
experts, chimney height
and diameter, plume
emission temperature,
particle size and density,
topographic indicators
(roughness, relief), local
weather data

Exposure: residence in
census blocks with
average cumulative
ground-level
concentration over the
90th percentile (1.78 x
10-2 pg/m?*/year)
Counterfactual:
residence in census
blocks with average
cumulative ground-level
concentration under
2.5th percentile (1.25 x
10-4 pg/m?/ year)
Residential proximity
(spatial-time cluster)
Exposure: residence in
statistical units around
the incinerator
Counterfactual:
incidence rates from the
whole department
stratified by gender and
S5-year age groups.
Dispersion model of
dioxins (second-
generation Gaussian
dispersion model):
meteorological data,
surface topography and

> 14 years of
age,
stratified by
sex and both
sexes
combined

> 15 years of
age,
stratified by
sex and both
sexes
combined

Both sexes
combined

All ages, both
sexes
combined

Total person-
years: 25 000
000

Total cases: 135
000

Total cases: 3
974 (46.0%
women)

110 total cases
of soft tissue
sarcoma; 803
total cases of
non-Hodgkin
lymphoma; and
total 176 cases
of Hodgkin
disease

Total cases: 222
Exposed cases:
31

Non-exposed
cases: 42

Total controls: 2

Incidence: all cancers,
breast, liver
(NR)

Incidence: non-Hodgkin
lymphoma
(ICD-0-2)

Incidence: Hodgkin
lymphoma, non-
Hodgkin lymphoma,
soft tissue sarcoma
(ICD-0)

Incidence: non-Hodgkin
lymphoma
(ICD-0)

(continued on next page)
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Table 1 (continued)
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Reference Study design Country  Study period Incinerator type Exposure assessment Population Population/ Cancer types
method cases (classification system)
obstacle descriptions, 220
stack characteristics and Exposed
dioxin emission rate controls: 146
from the solid waste Non-exposed
incinerator) controls: 441
Exposure: residence in
high estimated dioxin
relative exposure areas
(modelled ground-level
concentration of
0.0004-0.0016 pg/m®)
No-exposure: residence
in very low dioxin
relative exposure areas
(<0.0001 pg/m®)

Viel, 2008a** Population- France 1996-2002 Municipal solid Dispersion model (first- Women > 20  Total cases: 434 Incidence: invasive
based case- waste incinerator generation Gaussian- years of age. Exposed cases: breast
control (processed 67 type): meteorological 15 (ICD-0-3)

thousand metric data (5 years of data for Non-exposed
tons of waste in wind speed, wind cases: 91
1998) direction, pressure, Total controls:

temperature, and 2170

Pasquill atmospheric Exposed

stability classes), controls: 127

simplified surface Non-exposed

topography, plume rise, controls: 453

stack characteristics,

and future dioxin

emission rate from the

MSWI

Exposure: residence in

high estimated dioxin

relative exposure areas

(modelled ground-level

concentration of

0.0004-0.0016 pg/m®)

No-exposure: residence

in very low dioxin

relative exposure areas

(<0.0001 pg/m®)

Pronk, 2013 Population- United 1998-2000 Municipal solid Residential proximity 20-74 years Total cases: 969 Incidence: non-Hodgkin
based case- States waste Exposure: ever lived of age, both Exposed cases: 3~ lymphoma
control incinerators within 3 km (average sexes Total controls: (NR)

emission level in 1995: combined 749
15.77 ng TEQ/yr) Exposed
No-exposure: never controls: 7
lived within 3 km
Lag period: 15 years
Praud et al. Case-control France 1990-2011 Household waste Estimated annual Women Total cases: Incidence: breast
(2025) nested cohort incinerator exposure index based on 5222 (NR: confirmed by
residential address and Total controls: pathology report)
dispersion modelling 5222
Exposure: increments of
7.4 ug TEQ/m? from
MSWI
VoPham et al. Prospective United 1989-2013 Municipal solid Residential proximity Women Total Incidence: invasive
(2020) cohort States waste incinerator and duration of participants: breast
exposure 112 397 (NR: medical record
Exposure: residence up Total person- review)
to 3 km from a MSWI for years: 2 302 566
at least 6 years Exposed person-
No-exposure: did not years: 12 634
reside with 3 km from a Non-exposed
MSWI person-years: 2
Lag period: 6 years 266 905
Total cases: 3
840
Exposed cases:
37
Non-exposed: 3
767
Fisher, 2024 Cohort United Exposure: Municipal solid Inverse distance- 50-71 years Total Incidence: non-Hodgkin
States 1980-1995 waste weighted emissions of age, both participants: lymphoma
Outcome: incinerators model with wind sexes 451 410 (NR)
1995-2011 adjustment, using combined Total cases: 6

(continued on next page)
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Table 1 (continued)

Reference Study design Country  Study period  Incinerator type Exposure assessment Population Population/ Cancer types
method cases (classification system)
residential proximity, 467
dioxin emissions, and Exposed cases:
meteorological data 20
Exposure: residence Non-exposed
within 3 km of an MSWI cases: 6 424

and falling into the
highest tertile of wind-
adjusted average dioxin
emissions

No-exposure: residence
beyond 3 km of any
MSWI, or residence
within 3 km of an MSWI
but with zero estimated
wind-adjusted average
dioxin emissions

Lag period: 15 years

Rhee, 2023 Prospective United 2003-2018 Municipal solid 10-year distance- and Women, Total Incidence: breast
cohort States waste toxic equivalency 35-75 years participants: 35 (NR)
incinerators quotient (TEQ)- of age 908
weighted average dioxin Total cases:
emissions indices, 2670
calculated using Exposed cases:
emissions trends 22
(1987-2000) Non-exposed
Exposure: residence cases: 2 639

within 3 km of a MSWI
and an average dioxin
emissions index (AEI)
equal to or above the
median value (>0.34 g
TEQ/km?) during the 10
years before study
enrolment

No-exposure: residence
not within 3 km of any
MSWI facility emitting
dioxins (i.e., AEI=0g
TEQ/km? for MSWIs
within 3 km) during the
same 10-year period
Lag period: 10 years

Incidence
and
mortality
Reeve, 2013 Ecological England 1998-2008 Municipal waste Residential proximity All ages and Exposed Adult incidence:
incinerators Exposure: residence in < 15yearsof  population: 2 leukaemia, lung, non-
(capacity in geographical units age, both 657 000 Hodgkin lymphoma
excess of 150 000 within 10 km from sexes Non-exposed Childhood incidence: all
tons per annum of  incinerator combined population: 2 cancers, leukaemia
waste material) Counterfactual: 572 000 Adult mortality: liver
matching geographic NR (ICD-10)
areas based on
demographic structure,
household composition;
housing; socioeconomic
character; employment;
and industry sector
Romanelli, Population- Italy 2001-2014 Municipal waste Dispersion model Stratified by Total Mortality and
2019 based incinerator (CALMET-CALPUFF sex participants: hospitalizations:
retrospective (65,000 tons of method): environmental 132 293 colorectal, connective
cohort waste per year) and meteorological data Total person- and soft tissues,
for 2015 and 2006, and years: 1 092817  leukaemia, liver, lung,
considering the (52.6% women) lymphatic and
orography of the area Exposed person- hematopoietic tissues,
Exposure: residence in years: 335 760 non-Hodgkin
high exposure area Non-exposed lymphoma, stomach
(NOy-MWI >0.031) person-years: (ICD-9)
Counterfactual: 195 743
residence in low
exposure area (NOy-
MWI <0.013)
Mortality
only

(continued on next page)
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Table 1 (continued)

Reference Study design Country  Study period Incinerator type Exposure assessment Population Population/ Cancer types
method cases (classification system)

Garcia-Perez, Ecological Spain 1997-2006 Solid urban Residential proximity Stratified by Exposed cases Mortality: all cancers,

2013 (municipal) and Exposure: residence in a sex and both (all cancers): 13 bladder, brain,
special waste town within 5 km from sexes 051 colorectal, connective

an incinerator combined and soft tissues,
Counterfactual: national gallbladder, Hodgkin
rates adjusted for age lymphoma, kidney/
group, sex and five-year renal, leukaemia, liver,
period. lung, ovarian, pleural,
Lag period (of skin, stomach, thyroid,
incinerator activity): 10 vulvar and vaginal
years for solid tumours (ICD-9 and 10)
and 1 year for leukaemia

Salerno, 2015 Ecological Italy 1988-2009 Urban solid waste ~ Residential proximity General Exposed Mortality: bladder,

incinerator Exposure: residence population population: 8 breast, colorectal,
within 15 km from the and stratified 682 (51.8% kidney/renal, laryngeal,
incinerator by sex women) leukaemia, liver and
Counterfactual: Non-exposed bile duct, lung, lymph
residence in a reference population: 7 nodes, multiple
area (not exposed to the 018 (50.5% myeloma, nervous
incinerator) women) system, ovarian, pleural,
Lag period: 10 years stomach, uterus
(NR)

Gouveia, Ecological Brazil 1998-2002 Solid waste Residential proximity > 40 years, Adult Adult mortality:

2010 incinerator Exposure: residence both sexes Total laryngeal, liver, lung,
within 1 km from the combined population: 634 non-Hodgkin lymphoma
incinerator and children 993 Childhood mortality: all
Counterfactual: < 5 years of Exposed cancers, leukaemia
municipality rates age population: 16 (ICD-10)
adjusted to sex and age 975
group Children

Total
population: 92
894

Exposed
population: 2
311

ICD, International Classification of Diseases; MSWI, Municipal Solid Waste Incineration; MWI, municipal waste incinerator; NOy, nitrogen oxides; NR, Not reported;
TEQ: Toxic Equivalents

" same MSWI (Besancon).

** same MSWI (Isere, Bas Rhin, Haut Rhin, and Tarn)

Table 2
Summary of study quality assessment of ecological and cohort studies using the National Institutes of Health Tool for Observational Cohort and Cross-Sectional Studies.
Study Design D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14 Overall
Elliot, P (1996) Ecological Q ° Q ° o ° ° Q ° ° o ° . ° Poor
Federico, M (2010) Ecological Q ° Q 0 0 0 ° 0 9 o . ° Fair
Garcia-Perez, J (2013) Ecological ° o Q 0 9 o ° ° ° o o . ° Fair
Goria, S (2009) Ecological ° o o ° ° ° . ° Poor
Gouveia, N (2010) Ecological 0 ° Q 9 ° ° ° ° ° ° 9 o . ° Poor
Mariné Barjoan, E (2020) Ecological (] Q (] (] (] ° ° ° ° ° (] (] o ° Poor
Reeve, NF (2013) Ecological 9 o e ° 9 9 ° ° ° ° o ° . ° Poor
Viel, JF (2000) Ecological 0 o 0 9 e ° ° o o . ° Poor
Viel, JF (2008a) Ecological Q ° Q 0 ° ° ° ° ° ° ° ° o o Poor
VoPham, T (2022) Ecological (] (V) (V] o (V] ° Q (] ° ° (] () . (] Fair
Salerno, C (2015) Ecological 9 ° ° Q ° ° ° ° ° ° o 0 . ° Poor
100% 82% 91% 100% 64% 9% 0% 45% 0%, 9% 91% 91%, - 64%,
Romanelli, AM (2019) Retrospective cohort ° e ° 9 ° o ° 9 o o o o ° Good
VoPham, T (2020) Prospective cohort Q o Q ° Q ° o ° ° ° o ° o o Good
Fisher, JA (2024) Prospective cohort Q ° ° 0 o ° Q ° ° ° o 0 o Fair
Rhee, J (2023) Prospective cohort (] (] (] (] (] (] (] (] (] ° (] ° (] (] Good
100% 100% 5% 100% 100% 100% 50% 75% 75% 50% 100% 75% 100% 100%

Legend: ° Yes ° No Cannot decide . Not applicable

D1. Research question; D2. Study population; D3. Participation rate; D4. Groups recruited from the same population; D5. Sample size justification; D6. Exposure assessed prior to outcome measurement; D7 Sufficient timeframe to see an
effect; D8. Different levels of the exposure of interest; D9. Exposure measures and assessment; D10. Repeated 3 D11. Outcome D12. Blinding of outcome assessors; D13. Follow-up rate; D14. Statistical
analyses

D1. Research question; D2. Study population; D3. Participation rate; D4. Groups recruited from the same population; D5. Sample size justification; D6. Exposure
assessed prior to outcome measurement; D7 Sufficient timeframe to see an effect; D8. Different levels of the exposure of interest; D9. Exposure measures and
assessment; D10. Repeated exposure assessment; D11. Outcome measures; D12. Blinding of outcome assessors; D13. Follow-up rate; D14. Statistical analyses

Meta-analyses were possible for outcomes reported by at least three mortality (n = 4) of lung cancer, breast cancer incidence (n = 4), inci-
studies, including NHL incidence (n=9), incidence (n=3) and dence (n = 3) and mortality (n = 4) of liver cancer, soft tissue sarcoma
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Table 3
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Summary of study quality assessment of case-control studies using the National Institutes of Health Tool for Case-Control Studies.

Study Design D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 Overall
Floret, N (2003) Case-control Q o Q ° Q Q ° Q o ° ° ° Fair
Pronk, A (2013) Case-control (] (] o [x) (/] (V] (] o (] o [x) (] Good
Viel, JF (2008b) Case-control Q 0 Q o o 0 0 Q ° ° ° ° Fair
Praud, D (2025) Case-control nested cohort 0 o 0 0 o 0 o o 0 0 Good

100%  100%  75%

Legend: 0 Yes ° No

Cannot decide . Not applicable

25%

100%  100%  100%  100%  50%  50%  25%  25%  75%

D1. Research question; D2. Study population; D3. Target population and case representation; D4. Sample size justification; D5. Groups recruited from the same population; D6. Inclusion and exclusion criteria applied uniformly; D7. Case

and control definitions; D8. Random selection of study participants; D9. Concurrent controls; D10. Exposure assessed prior to outcome

Statistical analysis

; D11. Exposure and ; D12. Blinding of exposure assessors; D13.

D1. Research question; D2. Study population; D3. Target population and case representation; D4. Sample size justification; D5. Groups recruited from the same
population; D6. Inclusion and exclusion criteria applied uniformly; D7. Case and control definitions; D8. Random selection of study participants; D9. Concurrent
controls; D10. Exposure assessed prior to outcome measurement; D11. Exposure measures and assessment; D12. Blinding of exposure assessors; D13. Statistical

analysis

incidence (n = 3), colorectal cancer mortality (n = 3), stomach cancer
mortality (n = 3), and leukaemia mortality (n = 3). In total, estimates
from 16 out of the 19 studies were included in the meta-analysis.
Summary estimates are presented in Table 4; forest plots are presented
in the supplementary material.

3.4.1. Digestive system

Two studies investigated the incidence of colorectal cancer (Elliott
et al., 1996; Federico et al., 2010). Elliot (1996) observed a modestly
elevated incidence within 3 km of an incinerator compared with na-
tional rates (SIR 1.04, 95% CI 1.02, 1.06), while Federico (2010) found
an imprecise increase (i.e., a non-statistically significant result, yet an
effect estimate greater than 1.00 and a confidence interval narrowly
including the null value) of the SIR within 2 km compared with mu-
nicipality rates (SIR 1.09, 95% CI 0.88, 1.34). Three studies reported
mortality (Garcia-Pérez et al., 2013; Romanelli et al., 2019; Salerno
et al., 2015), none of which observed excess risks; the pooled estimate
was null (1.05, 95% CI 0.95, 1.17; I> = 0.0%; Supplementary material
Figure S1). Romanelli (2019) also found no association with
hospitalizations.

For stomach cancer, only Elliot (1996) examined incidence, report-
ing a small excess risk within 3 km of an incinerator (SIR 1.05, 95% CI
1.03, 1.08). Three studies evaluated mortality (Garcia-Pérez et al., 2013;
Romanelli et al., 2019; Salerno et al., 2015); although Garcia-Pérez
(2013), Salerno (2015) and Romanelli (2019), in women, observed
increased stomach mortality, these findings were not significant. The
pooled mortality analysis showed no overall association (0.97, 95% CI
0.68, 1.36) with moderate heterogeneity (I*> = 46.3%; Supplementary
material Figure S3). Romanelli (2019) also assessed hospitalizations
for stomach cancer and reported an increase, though not statistically
significant, of the HR among women (HR 1.30, 95% CI 0.66, 2.56).

For liver cancer, four studies analysed incidence (Elliott et al., 1996;
Goria et al., 2009; Mariné Barjoan et al., 2020; Reeve et al., 2013).
Elliott (1996) observed a higher incidence within 3 km compared with

Table 4

national rates (SIR 1.13, 95% CI 1.05, 1.22), while Mariné Barjoan
(2020) and Reeve (2013) did not detect excess risks. Goria (2009),
which modelled exposure continuously, reported an imprecise associa-
tion (adjusted coefficient 1.12, 95% CI —0.13, 2.37). The pooled esti-
mate of the three studies with binary exposure definitions indicated no
overall association (1.04, 95% CI 0.92, 1.18), with substantial hetero-
geneity (I> = 67.7%). Four studies assessed mortality (Garcia-Pérez
et al., 2013; Gouveia and Prado, 2010; Reeve et al., 2013; Romanelli
etal., 2019), none of which observed significant associations; the pooled
estimate was also null (1.05, 95% CI 0.92, 1.20; I = 0.0%). Romanelli
(2019) additionally found that, for hospitalizations, men showed an
increase (though not statistically significant) in HR (1.11, 95% CI 0.69,
1.76).

Other hepatobiliary outcomes were less frequently reported.
Federico (2010) examined liver and bile duct cancer incidence together
and found no association, while Salerno (2015) observed increased
mortality from liver and bile duct cancers (RR 2.10, 95% CI 1.35, 3.26.
VoPham et al. (2022) investigated hepatocellular carcinoma incidence,
comparing counties with estimated annual MSWI emissions > 2.31 g
TEQ/year (Toxic Equivalents/year) to those with no emissions, and
found no significant differences. Garcia-Pérez (2013) assessed gall-
bladder cancer mortality and reported an imprecise increased risk (RR
1.24, 95% CI 0.98, 1.55). Except for Romanelli’s cohort (Romanelli
et al., 2019), all these studies followed an ecological design.

3.4.2. Respiratory system

Among respiratory system cancers, lung cancer was the most
frequently studied. Three studies assessed incidence (Elliott et al., 1996;
Mariné Barjoan et al., 2020; Reeve et al., 2013). Elliott (1996) reported a
small excess within 3 km of an incinerator (SIR 1.08, 95% CI 1.07, 1.09),
and Mariné Barjoan (2020) observed increased incidence in areas
exposed to atmospheric fallout, but only among men (SIR 1.24, 95% CI
1.08, 1.41). The pooled analysis, however, did not confirm an overall
association (1.05, 95% CI 0.93, 1.19), and heterogeneity was high (I> =

Summary effect size (random-effect meta-analyses when no. of studies > 2) with 95% confidence interval (CI) of the association between high exposure to municipal

solid waste incinerator emissions and type-specific cancers.

Incidence Mortality
Type of cancer N Effect size 95% CI 2 Effect size 95% CI 2
Colorectal 2 - - 3 1.05 0.95, 1.17 0.0%
Stomach 1 - - - 3 0.97 0.68, 1.36 46.3%
Liver 3 1.04 0.92,1.18 67.7% 4 1.05 0.92,1.20 0.0%
Lung 3 1.05 0.93,1.19 81.8% 4 1.17 1.03, 1.32 21.3%
Breast 4 1.07 0.80, 1.44 69.0% 1 - - -
Leukaemia 2 - - - 3 1.28 0.91, 1.79 41.3%
Non-Hodgkin lymphoma 9 1.20 1.00, 1.43 84.8% 2 - -
Soft tissue sarcoma 3 1.18 0.50, 2.76 82.0% 0 -

CI, Confidence Interval

Statistically significant values are presented in bold; some studies contributed more than one effect size (e.g., separate estimates for men and women)
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81.8%).

Four studies investigated lung cancer mortality (Garcia-Pérez et al.,
2013; Gouveia and Prado, 2010; Romanelli et al., 2019; Salerno et al.,
2015). Garcia-Perez (2013) reported excess risk among residents within
5 km of an incinerator in Spain (RR 1.17, 95% CI 1.01, 1.34). Salerno
(2015) also had significant results (RR 1.37, 95% CI 1.08, 1.74). The
pooled analysis indicated a modest overall increase in lung cancer
mortality (1.17, 95% CI 1.03, 1.32), with low heterogeneity (12 = 21.3%;
Fig. 2). Leave-one-out sensitivity analysis (Supplementary material
Table S8) showed that the overall association was relatively stable
across studies. The pooled effect remained elevated after sequential
omission of individual studies, although statistical significance was lost
when Garcia-Pérez (2013), Gouveia e Prado (2010), or Salerno (2015)
were excluded. Conversely, exclusion of Romanelli (2019), in the case of
men, strengthened the association (1.22, 95% CI 1.09, 1.36). These
patterns suggest a modest influence of individual study characteristics.
Romanelli (2019) also examined hospitalizations and found an impre-
cise increased risk among women (HR 1.34, 95% CI 0.88, 2.05).

Other respiratory cancers were less frequently reported, all in
ecological studies. Federico (2010) assessed lung, bronchus, and trachea
incidence within 2 km of an incinerator; four studies investigated
laryngeal cancer (Federico et al., 2010; Gouveia and Prado, 2010;
Mariné Barjoan et al., 2020; Salerno et al., 2015); two examined pleural
cancer (Garcia-Pérez et al., 2013; Salerno et al., 2015); and only Mariné
Barjoan (2020) specifically studied pleural mesothelioma. Some of these
studies found evidence of an association, whereas others reported
increased but non-significant risks for cancer incidence or mortality.
More specifically, Mariné Barjoan (2020) found such a tendency among
women for both larynx cancer (SIR 1.20, 95% CI 0.39, 2.80) and pleural
mesothelioma (SIR 1.65, 95% CI 0.44, 4.21) incidence. Also,
Garcia-Pérez et al. (2013) found an increased risk (though imprecise) of
pleural cancer mortality both among men and women (RR 1.55, 95% CI
0.94, 2.39), while Salerno et al. (2015) observed an imprecise increased
risk for larynx cancer mortality in both sexes (RR 2.16, 95% CI 0.84,
5.51).

3.4.3. Breast and gynaecological cancers

Four studies on the incidence of breast cancer were eligible for the
meta-analysis: one ecological (Mariné Barjoan et al., 2020), one
case-control (Viel et al., 2008a), and two cohort studies (Rhee et al.,
2023; VoPham et al., 2020). Viel (2008a) reported decreased odds of
invasive breast cancer among women older than 60 years living in areas
with high modelled ground-level concentrations (OR 0.31, 95% CI 0.08,
0.89), with no decrease among younger women (OR 0.88, 95% CI 0.43,

Environmental Toxicology and Pharmacology 125 (2026) 105078

1.79). VoPham et al. (2020) observed a higher incidence of invasive
breast cancer among women residing in counties with annual MSWI
emissions greater than 2.31 g TEQ/year compared with counties
without emissions (HR 1.39, 95% CI 1.00, 1.93). Rhee et al. (2023)
detected an imprecise increase of the HR among women (HR 1.50, 95%
CI 0.98, 2.29). Mariné Barjoan et al. (2020) did not detect associations
with exposure. When pooled, these incidence studies showed no overall
association (1.07, 95% CI 0.80, 1.44), with substantial heterogeneity (1>
= 69.0%). Two additional studies used continuous exposure definitions
and were, therefore, not included in the meta-analysis: Goria (2009),
ecological, reported an adjusted coefficient of 0.69 (95% CI 0.23, 1.14)
based on average cumulative ground-level dioxin deposits, and Praud
et al. (2025), a nested case-control study, reported an adjusted OR of
1.03 (95% CI 0.99, 1.07) per 7.4 ug -TEQ/m? increment. Breast cancer
mortality was investigated in an ecological study by Salerno (2015),
which did not find an association; no mortality pooling was performed.

Reproductive cancers were less frequently studied, all in ecological
designs. Garcia-Pérez (2013) and Salerno (2015) examined ovarian
cancer mortality, and the former reported an imprecise increase in risk
(RR 1.13, 0.95, 1.34 and RR 1.03, 95% CI 0.50, 2.12, respectively).
Salerno (2015) also investigated uterine cancer mortality (RR 1.48, 95%
CI 0.63, 3.48), and Garcia-Pérez (2013) evaluated vulvar and vaginal
cancer mortality (RR 1.01, 95% CI 0.70, 1.40).

3.4.4. Hematologic and lymphatic system

For the hematologic and lymphatic system, NHL was the most
frequently investigated cancer type. Incidence was examined in nine
studies: six ecological (Elliott et al., 1996; Federico et al., 2010; Mariné
Barjoan et al., 2020; Reeve et al., 2013; Viel et al., 2008b, 2000), two
case-control (Floret et al., 2003; Pronk et al., 2013), and one cohort
(Fisher et al., 2024). Findings were heterogeneous. Elliot (1996) and
Viel (2000) reported increased incidence closer to incinerators (SIR
1.03, 95% CI 1.00, 1.07; and SIR 1.84, 95% CI 1.51, 2.23, respectively),
Floret (2003) observed elevated odds in areas of higher modelled dioxin
concentration (OR 2.30, 95% CI 1.40, 3.80) and Viel (2008b) found
increased risk among residents of census blocks with cumulative
ground-level concentrations in the 90th percentile (RR 1.12, 95% CI
1.00, 1.25). In contrast, Federico (2010), Reeve (2013), and Pronk
(2013), all based on residential proximity, did not report significant
associations. As shown in Fig. 3, the pooled analysis indicated excess risk
of NHL incidence associated with incinerator exposure (1.20, 95% CI
1.00, 1.43; 1> = 84.8%). Leave-one-out sensitivity analysis
(Supplementary material Table S10) showed that the pooled RR
remained > 1.0 across all scenarios, but statistical significance was lost

Study or Subgroup Design Weight Effect size [95% Cl]

RR

Salerno, 2015 Ecological  20.8% 1.37[1.08; 1.74] ——
Garcia-Perez, 2013 Ecological  40.1% 1.17 [1.01; 1.34] Hl-

Total (95% CI) 60.8% 1.23 [1.06; 1.42] ’

Heterogeneity: Tau? = < 0.01; Chi® = 1.24, df = 1 (P = 0.265); I = 19.6% :

SMR :

Gouveia, 2010 Ecological 13.8% 1.21[0.88; 1.63] —1-a—

HR

Romanelli, 2019 (women) Cohort 6.9% 1.22[0.77; 1.94] — T

Romanelli, 2019 (men) Cohort 18.5% 0.92[0.71; 1.19] ——

Total (95% Cl) 254%  0.99[0.78; 1.26] e

Heterogeneity: Tau? = < 0.01; Chi® = 1.09, df = 1 (P = 0.296); I> = 8.4% :

Total (95% Cl) 100.0%  1.17 [1.03; 1.32] >

Heterogeneity: Tau? < 0.01; Chi® = 5.08, df = 4 (P = 0.279); I = 21.3% I T 1
Test for subgroup differences: Chi? = 2.30, df = 2 (P = 0.316) 0.5 1 2 4

Fig. 2. Forest plot of the association between exposure to municipal solid waste incinerators and lung cancer mortality. Individual study estimates are shown by
effect size type (relative risk [RR], standardized mortality ratio [SMR], and hazard ratio [HR]) with 95% confidence intervals, along with pooled estimates within
each subgroup and overall. CI, confidence interval; DF, degrees of freedom; HR, hazard ratio; RR, relative risk; SMR, standardized mortality ratio.

11



C. Capitao et al.

Environmental Toxicology and Pharmacology 125 (2026) 105078

Study or Subgroup Design Weight Effect size [95% CI]

SIR :

Viel, 2000 Ecological  12.2% 1.84[1.51; 2.23] C -
Mariné Barjoan, 2020 (men) Ecological 11.5% 1.26 [0.99; 1.57] —.—
Mariné Barjoan, 2020 (women) Ecological 10.7% 1.07 [0.81; 1.39] :

Elliot, 1996 Ecological 14.3% 1.03 [1.00; 1.07]
Federico, 2010 Ecological 7.9% 0.93[0.59; 1.37] :

Total (95% CI) 56.5%

Heterogeneity: Tau? = 0.06; Chi® = 36.94, df = 4 (P < 0.001); I* = 89.2%

OR

Floret, 2003 Case-control  6.6%
Pronk, 2013 Case-control 1.6%
Total (95% CI) 8.2%

Heterogeneity: Tau? = 1.82; Chi® = 8.01, df = 1 (P = 0.005); I* = 87.5%

RR

Viel, 2008 Ecological 13.6%
Reeve, 2013 Ecological 14.2%
Total (95% Cl) 27.8%

Heterogeneity: Tau? = < 0.01; Chi® = 4.32, df = 1 (P = 0.038); I> = 76.8%

HR
Fisher, 2024 Cohort 7.5%
Total (95% Cl) 100.0%

1.21 [0.95; 1.54] e

2.30 [1.40; 3.80]
0.30 [0.10; 1.40]
0.91[0.13; 6.67]

1.12[1.00; 1.25]
0.99 [0.95; 1.03]
1.04 [0.92; 1.18]
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Fig. 3. Forest plot of the association between exposure to municipal solid waste incinerators and non-Hodgkin lymphoma incidence. Individual study estimates are
shown by effect size type (relative risk [RR], odds ratio [OR], standardized incidence ratio [SIR], and hazard ratio [HR]) with 95% confidence intervals, along with
pooled estimates within each subgroup and overall. CI, confidence interval; DF, degrees of freedom; HR, hazard ratio; RR, relative risk; SMR, standardized mortality

ratio; OR, odds ratio.

when Floret (2003), Mariné Barjoan (2020), Viel (2008b), Viel (2000),
or Fisher (2024) were excluded. Excluding Viel (2000) produced the
greatest attenuation (1.08, 95% CI 0.99, 1.18; I? = 66%). Overall, the
association is sensitive to multiple individual investigations, rather than
being driven by a single study. Romanelli (2019) assessed NHL mortality
and hospitalizations and found an non-statistically significant HR in-
crease in both sexes.

Other lymphatic malignancies were less frequently investigated.
Gouveia and Prado (2010) and Salerno (2015), both ecological studies,
examined lymphoma mortality. The latter found increased risk (RR
2.43, 95% CI 1.09, 5.40). Elliot (1996) assessed the incidence of
lymphatic and hematopoietic tissues combined and reported no associ-
ation. Romanelli (2019) also evaluated mortality and hospitalizations
from lymphatic and hematopoietic tissues, with most estimates sug-
gesting increased risks, although not statistically significant. One
exception was found for mortality among men residing in areas with
high modelled exposure, regarding which a higher risk was observed
(NOy-MWI or Municipal Waste Incineration related NOy > 0.03 pg/m?;
HR 1.79, 95% CI 1.03, 3.12).

Regarding leukaemia in the adult population, incidence was inves-
tigated in two ecological studies (Federico et al., 2010; Reeve et al.,
2013). Reeve (2013) reported an increased relative risk among residents
living within 10 km of an incinerator (RR 1.14, 95% CI 1.07, 1.21),
whereas Federico (2010) observed a non-significant increase (SIR 1.14,
95% CI 0.66, 1.82). Three ecological studies assessed leukaemia mor-
tality (Garcia-Pérez et al., 2013; Romanelli et al., 2019; Salerno et al.,
2015), with non-significant results in all of them. In the pooled analysis
of mortality, the summary estimate suggested an imprecise association
(1.28, 95% CI1 0.91, 1.79; I> = 41.3%). Leave-one-out sensitivity analysis
(Supplementary material Table S11) indicated that results were some-
what unstable: exclusion of Garcia-Pérez (2013) yielded a statistically
significant association (RR 1.61, 95% CI 1.05, 2.46), while omission of
the other studies maintain an overall effect size greater than one, but not
statistically significant. Marine Barjoan (2020) examined acute myeloid
leukaemia incidence and found increased, but not significant, risk
among women (SIR 1.46, 95% CI 0.73, 2.61).

For other hematologic malignancies, Mariné Barjoan (2020)
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investigated multiple myeloma incidence and reported an excess among
men living in areas exposed to atmospheric fallout from the incinerator
plume (SIR 1.76, 95% CI 1.21, 2.47), but not among women. Salerno
(2015) examined multiple myeloma mortality and found no associa-
tion. Mariné Barjoan (2020) also evaluated myelodysplastic and
myeloproliferative syndromes, observing a higher risk (non-significant)
for myeloproliferative syndromes in women (SIR 1.54, 95% CI 0.93,
2.41).

3.4.5. Other cancer types

Bladder cancer was the most frequently examined urinary tract
outcome. Two ecological studies investigated incidence (Elliott et al.,
1996; Mariné Barjoan et al.,, 2020) and two reported mortality
(Garcia-Pérez et al., 2013; Salerno et al., 2015). Elliott et al. (1996) and
Mariné Barjoan et al. (2020) found no evidence of increased risk asso-
ciated with incinerator exposure; Garcia-Perez et al. (2013) and Salerno
etal. (2015) found imprecise, though higher mortality risk for both sexes
(RR 1.13, 95% IC 0.95, 1.34 and RR 1.62, 95% CI 0.85, 3.07). Kid-
ney/renal cancer mortality was assessed in two ecological studies
(Garcia-Pérez et al.,, 2013; Salerno et al., 2015), both with
non-significant estimates.

Three ecological studies investigated soft tissue sarcoma incidence in
adults (Federico et al., 2010; Mariné Barjoan et al., 2020; Viel et al.,
2000). Viel (2000) reported an excess incidence in areas closer to the
incinerator (SIR 3.44, 95% CI 1.77, 6.01), whereas Federico (2010) and
Mariné Barjoan (2020) found no associations. When combined, these
studies showed no overall association (RR 1.18, 95% CI 0.50, 2.76), with
substantial heterogeneity (I*> = 82.0%). Garcia-Perez (2013) and
Romanelli (2019), an ecological and a cohort study, respectively,
assessed mortality from connective tissue and other soft tissue cancers
and found no differences. Romanelli (2019) also examined hospitaliza-
tions and reported no association. Elliot (1996) investigated connective
tissue cancer incidence and likewise did not observe differences.

Two ecological studies examined mortality from cancers of the ner-
vous system. Salerno (2015) assessed nervous system cancers broadly,
while Garcia-Perez (2013) focused specifically on brain cancer. The
former reported an imprecise increase in RR (1.75, 95% CI 0.88, 3.47)
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and the latter a marginal effect (RR 0.99, 95% CI 0.84, 1.16). Finally,
Garcia-Perez (2013) assessed thyroid and skin cancer mortality and
found no differences in risk between residents living within 5 km of the
incinerator and those living further away. For skin cancer, a
non-significant increase in RR (RR 1.12, 95% 0.71, 1.66) was found.

3.4.6. All cancers

Four ecological studies investigated the incidence of all cancer types
altogether (Elliott et al., 1996; Federico et al., 2010; Goria et al., 2009;
Mariné Barjoan et al., 2020) and one assessed all oncological mortality
(Garcia-Pérez et al., 2013). Elliot (1996) identified a small, although
highly precise, excess incidence within 3 km of an incinerator (SIR 1.04,
95% CI 1.03, 1.04), while Goria (2009) reported an adjusted coefficient
of 0.67 (95% CI 0.37, 0.97) among women. Mariné Barjoan (2020)
observed a lower incidence among women (SIR 0.93, 95% CI 0.89, 0.98)
and for all cancers excluding skin (SIR 0.94, 95% CI 0.89, 0.99).
Federico (2010) did not report significant differences. Garcia-Perez
(2013) found a modest increase in overall cancer mortality risk (RR
1.09, 95% CI 1.01, 1.18).

3.5. Reporting biases

Funnel plots were examined for each meta-analysis (provided in the
supplementary material). For NHL incidence (n = 9 studies; 10 effect
estimates), Egger’s regression test showed no evidence of small-study
effects (t = 1.54, df = 8, bias = 1.55 [SE 1.00], p = 0.16). However,
the relatively small number of included studies limits the power of this
test to detect small-study effects. For all other outcomes, the number of
contributing studies was too small to allow a reliable assessment of
funnel plot asymmetry, and visual inspection of the plots should be
interpreted with caution.

3.6. Certainty of evidence

Considering the five GRADE domains, and since all studies followed
an observational design, the considered cancer outcomes were down-
graded, ranging from low (breast cancer) to very low (all the other
cancers) (Table 5). Firstly, pooled relative risks were often close to one,
with confidence intervals presenting no effect, emphasizing uncertainty.
Moreover, several studies showed methodological weaknesses (uncon-
trolled confounding, crude exposure measures) and inconsistent results
(heterogeneity). Finally, publication bias could not be confirmed due to
an insufficient number of studies, thus contributing to the overall un-
certainty of the evidence.

Table 5
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4. Discussion

This systematic review and meta-analysis aimed to synthesise the
available information about the association between exposure to MSWI
and risk of cancer in human populations. We chose to focus only on
MSWI to reduce heterogeneity related to different types of waste and
technologies. This narrow scope allowed for a more coherent synthesis
of the available evidence on different cancer-related outcomes. Never-
theless, it is important to note that the broad temporal scope of this
review (1996-January 2025) poses challenges for result interpretation,
as the composition of municipal solid waste has evolved over time, with
an increasing proportion of contaminated plastics being incinerated
(Rogers and Jaspers, 2025). In addition, incinerator technologies, as
well as regulatory contexts about emissions, changed over this period,
further challenging the interpretation of results. Combining studies of
different time periods, incinerator types, and technical features (e.g.,
plant age, waste composition) may introduce a potential aggregation
bias and underestimate health effects (Baek et al., 2022).

In our analysis, when considering the different cancer types, risk
estimates for liver, stomach, and colorectal cancers were generally null
or near-null, while NHL showed the clearest indication of potential
increased risk (incidence). The previous evidence on the increased risk
of NHL with exposure to incinerators is mixed: Baek et al. (2022) found a
non-significant pooled effect estimate for NHL incidence, while also
referring that although some individual studies reported elevated risks,
the overall evidence was inconsistent, with some investigations even
reporting significantly lower risks in specific populations. In contrast,
individual studies, mainly from older facilities, have reported elevated
risks (Floret et al., 2003; Viel et al., 2000), more in line with the results
observed in our study. This largely relies on the wide disparities between
the studies, namely in terms of generation of the facilities with different
emission levels (old generation incinerators with elevated levels of
emissions vs. new generation incinerators with reduced levels) and the
methodological specificities of the studies themselves (Baek et al., 2022;
Floret et al., 2003; Negri et al., 2020; Viel et al., 2000). Although not the
only chemicals involved (Kachuri et al., 2020), the increased risk of NHL
is often associated with the dioxins emitted by incinerators. There is
epidemiological evidence on the link between some dioxin-like com-
pounds and cancer risk (namely, NHL) in humans (Cole et al., 2003;
Franchini et al., 2004; Pesatori et al., 2009; Steenland et al., 2004).
Dioxins, by persistently binding to the cytosolic AhR receptor, trigger
lasting changes in gene expression in xenobiotic metabolism, inflam-
mation, oxidative stress, hormonal signalling, and cell cycle control
pathways, promoting tumour initiation and growth (Furue et al., 2021;
Kachuri et al., 2020; Viel et al., 2008a; VoPham et al., 2020).

GRADE assessment of certainty of evidence for cancer outcomes (no. of studies > 2).

Cancer outcome No. of No. of Summary effect (95% Certainty  Reasons for downgrading
studies participants CI)

Colorectal (mortality) 3 147 993 1.05 (0.95, 1.17) Very low Observational design, risk of bias, imprecision, and inconsistent
results

Stomach (mortality) 3 147 993 0.97 (0,68, 1.36) Very low Observational design, risk of bias, imprecision, and inconsistent
results

Liver (incidence) 3 4 659 476 1.04 (0.92, 1.18) Very low Ecological bias in most studies, lack of confounder control, and

Liver (mortality) 4 782 986 1.05 (0.92, 1.20) Very low imprecision

Lung (incidence) 3 4 659 476 1.05 (0.93, 1.19) Very low Bias in exposure assessment, heterogeneity, and imprecision

Lung (mortality) 4 782 986 1.17 (1.03, 1.32) Very low

Breast (incidence) 4 1245 327 1.07 (0.80, 1.44) Low Risk of bias, heterogeneity, and imprecision

Leukaemia (mortality) 3 240 887 1.28 (0.91, 1.79) Very low Observational design, bias, imprecision, despite low
heterogeneity

Non-Hodgkin lymphoma 9 5119 823 1.20 (1.00, 1.43) Very low Risk of bias, heterogeneity, and imprecision across study designs

(incidence)
Soft tissue sarcoma (incidence) 3 1 259 586 1.18 (0.50, 2.76) Very low Wide confidence intervals, risk of bias

CI, Confidence Interval

Number of participants was calculated as the total population/participants analysed in cohort and ecological studies, and as cases plus controls in case-control studies.
For studies where only the number of cases was reported, the available case count was included and the denominator was considered not fully reported.
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This meta-analysis also found a statistically significant, though
modest, association between exposure to MSWI and lung cancer mor-
tality, with a relatively consistent direction of effect. This result is in line
with previous studies that identified excess risks associated with first-
generation incinerators, operating in periods with less stringent regu-
lations and potentially higher emission levels (Biggeri et al., 1996;
Elliott et al., 1996; Franchini et al., 2004). However, similarly to other
cancer types, no consistent global excess has emerged in analyses that
pooled data, or in investigations of more recent (second-generation)
facilities (Ancona et al., 2015; Baek et al., 2022; Michelozzi et al., 1998;
Parodi et al., 2004). Lung cancer has been associated with pollutants
emitted by incinerators, such as particulate matter (and air pollution in
general) and heavy metals such as cadmium, arsenic, and chromium
(Baek et al., 2022; Negri et al., 2020).

Evidence for other cancer types was largely null and/or highly het-
erogeneous. For lung cancer, incidence estimates were close to null with
substantial between-study variability, contrasting with the mortality
data, an inconsistency that may reflect differences in study design,
exposure metrics, outcome ascertainment, or residual confounding
rather than a true divergence in risk. Breast cancer incidence likewise
showed no clear pooled association. For leukaemia mortality and soft
tissue sarcoma incidence, pooled effects were not statistically signifi-
cant, but sensitivity analyses indicated that results could have been
influenced by individual studies, underscoring the weakness of the
available evidence base. Lastly, for less frequently assessed sites (e.g.,
urinary, thyroid, skin, CNS), pooled estimates were generally near the
null (based on few studies). Overall, these patterns reinforce that,
outside a small number of signals, the current literature remains sparse,
methodologically heterogeneous, and insufficient to draw robust causal
inferences regarding residential exposure to MSWI emissions.

The body of evidence included in our review reflects a wide range of
study designs, methodological quality, and exposure assessment ap-
proaches, all of which influence the interpretation of the observed as-
sociations. First, the predominance of studies with an observational
design—i.e., ecological studies, which are more susceptible to expo-
sure misclassification and confounding, hampering the identification of
parameters of interest at the individual level (Negri et al., 2020)—
played a pivotal role in the assessment of a lower strength of findings. In
contrast, more robust evidence emerged from cohort and case-control
studies, with higher methodological quality, particularly in relation to
studies on breast cancer (e.g., VoPham et al., 2020), where greater
certainty was reached. This weakness in confidence of findings’ inter-
pretation due to heterogeneity in design and reliance on poorer meth-
odologies has been noted in previous reviews (Bottini et al., 2025; Tait
et al., 2020). By relying mainly on aggregate exposure proxies, such as
residential distance to incinerators and dispersion models, ecological
studies do not directly assess individual risk factors nor specific envi-
ronmental factors (Comba et al., 2003; Franchini et al., 2004; Healy and
Gilliland, 2012; Morgenstern, 1995; Roumeliotis et al., 2021). More-
over, the use of distinct exposure assessment methods introduces het-
erogeneity in exposure categorization, hindering comparability across
studies and biasing results (Baek et al., 2022; Negri et al., 2020).

The observed effect estimates were mostly modest, with wide con-
fidence intervals, reflecting statistical imprecision. This highlights the
need to conduct more rigorous studies with stronger designs and
individual-level data, given the importance, from a public health
perspective, of detecting small variations in cancer risk over time.
Through mapping the exposome, the totality of environmental
exposures—including lifestyle factors—from the prenatal period on-
ward, researchers want to fill critical gaps in our ability to compre-
hensively study the environmental (non-genetic) drivers of disease
(European Parliament. Directorate General for Parliamentary Research
Services., 2025). An important methodological limitation of the ana-
lysed evidence in this review was the frequent co-location of MSWI with
other industrial pollution sources, such as landfills, power plants, and
refineries, as well as with agricultural land, among others. As discussed
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in previous studies, even in those that attempted to adjust for
co-exposures, this spatial clustering potentially hinders exposure
assessment, thus limiting the possibility to directly establish causal at-
tributions between the observed health effects, specifically, and MSWI
emissions (Baek et al., 2022; Franchini et al., 2004; Knox, 2000; Negri
et al., 2020).

Although this study represents a step forward compared to previous
reviews in the field, some limitations need to be addressed. This review
was restricted to English-language publications, which may have led to
the omission of relevant evidence published in other languages. Also, to
reduce heterogeneity between study methods, the results were analysed
solely from MSWI, thus assuring a more targeted evaluation of cancer
risks. Yet, it included research extending over a period of almost three
decades of publications, encompassing cancer cases from the mid-1970s
to 2018, with exposure assessments covering earlier decades. This
extended period covers several technological and regulatory changes
(transition from first to second and third generation) with resulting
reduction in emissions, which may have mitigated the risk of cancer.
Furthermore, the latency period of the disease makes it difficult to draw
firm conclusions about more modern plants. An additional limitation of
this review concerns the inclusion of studies with different designs. As
previously noted, among observational studies, ecological designs are
generally considered to provide weaker epidemiological evidence due to
their reliance on group-level data and limited ability to control con-
founding. The focus on MSWI restricted the pool of eligible study de-
signs. The pooled analysis of different effect measures (RR, OR, HR and
SMR/SIR), whose underlying assumptions and statistical interpretation
do not fully overlap, can also have contributed to more heterogeneity
and introduce potential bias (Greenland and O’Rourke, 2008; Higgins
et al., 2024). Since relying on different measures of association may
have made pooled results less precise and informative, we sought to
minimize this limitation by conducting subgroup analysis according to
effect measure. More importantly, we aimed to prioritize methodolog-
ical rigor by clearly describing study characteristics and assessing study
quality, and we gave particular attention to findings from higher-quality
designs, such as cohort and case-control studies, when interpreting the
overall evidence. Moreover, we were unable to conduct the planned
stratified analyses by study quality, exposure assessment method, or
exposure duration, to explore potential sources of heterogeneity. This
was not possible to implement due to the limited number of eligible
studies reporting comparable data across these variables. Finally, the
reduced number of studies in this review may have had additional im-
plications for the assessment of the publication bias. This is related to the
fact that publications reporting positive associations are more likely to
be published (Mlinaric et al., 2017; Song et al., 2010), which might have
led to an overestimation of the true effect.

5. Conclusion

This systematic review and meta-analysis entail a focused synthesis
of the available epidemiological evidence on the association between
cancer risk and exposure to MSWI, thereby improving the specificity of
the exposure context. Among the cancer types evaluated, non-Hodgkin
lymphoma incidence showed the most consistent evidence of an
elevated risk, though with a very low level of certainty.

Future research in this area would benefit substantially from stronger
epidemiological designs and clearer targets of inference. The predomi-
nance of ecological studies in this field has long been recognized as a key
limitation, mainly due to exposure misclassification, residual con-
founding, and the inability to address individual-level risk factors. Large
population-based cohort studies and well-designed case—control in-
vestigations, incorporating detailed residential histories and individual
covariates such as smoking, socioeconomic status, and occupational
exposures, are therefore needed. Greater harmonization of exposure
definitions (particularly regarding distance metrics, exposure windows,
and latency assumptions) would also improve comparability across
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studies. In addition, explicit consideration of co-location with other in-
dustrial sources remains essential, as spatial clustering of multiple
pollution sources can bias effect estimates if not adequately addressed.

Progress in this field will also depend on more refined exposure
assessment strategies, as residential proximity alone is unlikely to cap-
ture the complexity and temporal variability of MSWI-related exposures.
Integrating emissions inventories, dispersion modelling, and environ-
mental or biological monitoring data, together with coordinated multi-
site studies, would improve exposure characterization, increase statis-
tical power, and strengthen the public health relevance of future
findings.
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