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Abstract
Objectives: Occupational exposure to chemical agents is a major preventable cause of cancer worldwide. This systematic 
review synthesized recent epidemiological evidence on the association between occupational chemical exposures and the 
risk of hematological malignancies, including leukemias, lymphomas, and multiple myeloma, in workers and, secondarily, in 
their offspring.

Methods: A systematic review was conducted in accordance with PRISMA 2020. MEDLINE (via PubMed), EMBASE, and Web 
of Science were searched for studies published between 2015 and 2025. Observational studies assessing occupational ex-
posure to chemical agents and the incidence of hematological malignancies were included. Data extraction covered study 
design, population, exposure assessment, cancer subtype, and risk estimates. Methodological quality and risk of bias were 
assessed using standardized tools, and findings were synthesized qualitatively due to marked heterogeneity.

Results: Thirteen studies met the inclusion criteria (5 cohort, 6 case–control, and 2 population-based or ecological). Overall, 
the evidence indicates consistent associations between occupational exposure to selected chemical agents and increased 
risks of hematological malignancies, particularly lymphomas and leukemias. The most consistent associations were ob-
served for pesticide exposures, especially organophosphate and carbamate insecticides, often with dose–response patterns. 
Associations with benzene, organic solvents, and radon were also reported, although with greater heterogeneity. Evidence on 
formaldehyde and parental occupational exposure was limited and inconclusive. Most studies showed moderate risk of bias, 
mainly due to exposure misclassification and residual confounding.

Conclusions: Occupational exposure to specific chemical agents, particularly certain pesticides, is associated with an in-
creased risk of hematological malignancies. These findings support the prioritization of primary prevention, tighter exposure 
control, and strengthened occupational health surveillance in high-risk sectors and highlight the need for well-designed pro-
spective studies with refined exposure assessment and detailed subtype analyses.

Keywords: Occupational exposure. Chemical agents. Hematological malignancies. Pesticides. Occupational cancer. 
Epidemiology.
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Resumen
Objetivos: La exposición ocupacional a agentes químicos es una de las principales causas prevenibles de cáncer a nivel mundial. 
Esta revisión sistemática sintetizó la evidencia epidemiológica reciente sobre la asociación entre las exposiciones químicas ocupa-
cionales y el riesgo de neoplasias hematológicas, incluyendo leucemias, linfomas y mieloma múltiple, en los trabajadores y, de forma 
secundaria, en su descendencia.

Métodos: Se llevó a cabo una revisión sistemática de acuerdo con las directrices PRISMA 2020. Se realizó una búsqueda en MEDLI-
NE (vía PubMed), EMBASE y Web of Science de estudios publicados entre 2015 y 2025. Se incluyeron estudios observacionales que 
evaluaban la exposición ocupacional a agentes químicos y la incidencia de neoplasias hematológicas. La extracción de datos abarcó 
el diseño del estudio, la población, la evaluación de la exposición, el subtipo de cáncer y las estimaciones de riesgo. La calidad meto-
dológica y el riesgo de sesgo se evaluaron utilizando herramientas estandarizadas, y los hallazgos se sintetizaron cualitativamente 
debido a la marcada heterogeneidad.

Resultados: Trece estudios cumplieron los criterios de inclusión (5 de cohortes, 6 de casos y controles, y 2 poblacionales o ecológi-
cos). En general, la evidencia indica asociaciones consistentes entre la exposición ocupacional a determinados agentes químicos y 
un mayor riesgo de padecer neoplasias hematológicas, particularmente linfomas y leucemias. Las asociaciones más consistentes se 
observaron en la exposición a plaguicidas, especialmente a insecticidas organofosforados y carbamatos, a menudo con patrones de 
dosis-respuesta. También se notificaron asociaciones con el benceno, los disolventes orgánicos y el radón, aunque con mayor hetero-
geneidad. La evidencia sobre el formaldehído y la exposición ocupacional de los padres fue limitada y no concluyente. La mayoría de 
los estudios mostraron un riesgo de sesgo moderado, debido principalmente a una clasificación errónea de la exposición y a factores 
de confusión residuales.

Conclusiones: La exposición ocupacional a agentes químicos específicos, particularmente a ciertos plaguicidas, se asocia con un 
mayor riesgo de neoplasias hematológicas. Estos hallazgos respaldan la priorización de la prevención primaria, un control más es-
tricto de la exposición y el fortalecimiento de la vigilancia de la salud laboral en los sectores de alto riesgo, y resaltan la necesidad de 
realizar estudios prospectivos bien diseñados con una evaluación más precisa de la exposición y análisis detallados por subtipos.

Palabras clave: Exposición ocupacional. Agentes químicos. Neoplasias hematológicas. Plaguicidas. Cáncer ocupacional. 
Epidemiología.

Introduction
Occupational cancer represents a major public health 
problem and one of the most important preventable 
challenges in occupational health worldwide. Occu-
pational exposure to carcinogenic agents continues 
to account for a substantial proportion of the global 
cancer burden, particularly in industrial sectors where 
exposure is chronic, multiple, and sustained over long 
periods. In this context, identifying and characterizing 
associations between occupational chemical expo-
sures and the development of hematological malig-
nancies is a priority to support effective primary pre-
vention strategies, guide the regulation of hazardous 
substances, and reduce the health and economic bur-
den associated with these diseases1,2.

Hematological malignancies comprise a heteroge-
neous group of malignant tumors originating from 
hematopoietic progenitor cells and the lymphoid 
system, including leukemias, lymphomas, and multi-
ple myeloma. These entities exhibit marked clinical, 
biological, and molecular diversity, which is reflected 
in their contemporary classification systems and in 
the variability of their clinical course and prognosis3. 
From a clinical perspective, initial symptoms are of-
ten non-specific, such as fatigue, fever, weight loss, 
recurrent infections, bleeding, or bruising, which may 
delay diagnosis and hinder the early identification of 
common risk factors.

At a global level, the burden of hematological malig-
nancies is considerable. According to estimates from 
the Global Cancer Observatory (GLOBOCAN), more 
than 1.3 million new cases of leukemia, lymphoma, 
and multiple myeloma combined were diagnosed 
worldwide in 2020, representing a substantial propor-
tion of all incident cancers4. Although age-standard-
ized mortality rates have shown declining trends in 
some high-income countries, the absolute number of 
cases continues to rise, partly due to population ag-
ing and the persistence of relevant environmental and 
occupational exposures4,5.

From an etiological perspective, hematological car-
cinogenesis can be understood as the result of inter-
actions between individual biological susceptibility 
and external exposures capable of inducing genetic 
and epigenetic alterations in hematopoietic cells. 
In occupational settings, certain chemical agents 
have been consistently implicated in the risk of he-
matological malignancies. Benzene represents the  
paradigmatic example: its association with leuke-
mia, particularly acute myeloid leukemia, is well es-
tablished and has been recognized by the Interna-
tional Agency for Research on Cancer (IARC), which  
classifies benzene as a Group 1 human carcinogen6. 
In addition to benzene, epidemiological evidence has 
suggested possible associations with other common 
occupational exposures, such as polycyclic aromatic 
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hydrocarbons, diesel engine emissions, industrial sol-
vents, and various pesticides, although with varying 
degrees of consistency and magnitude of risk2,7,8.

Among compounds of current interest are substanc-
es whose carcinogenic potential remains the subject 
of scientific and regulatory debate, including certain 
pesticides and per- and polyfluoroalkyl substances 
(PFAS). A relevant example is glyphosate, classified by 
IARC as probably carcinogenic to humans (Group 2A), 
whereas subsequent regulatory evaluations within the 
European context have reached different conclusions 
regarding its carcinogenicity9,10. These discrepancies 
highlight the inherent challenges in integrating epide-
miological, toxicological, and mechanistic evidence 
and underscore the need for updated systematic re-
views that critically synthesize the available data, par-
ticularly with respect to hematological outcomes.

Beyond the direct risk to the working population, in-
creasing attention has been paid to the potential as-
sociation between parental occupational exposures 
and the development of hematological malignancies 
in offspring. This hypothesis is biologically plausible 
through several mechanisms, including genetic dam-
age to germ cells, maternal exposure during pregnan-
cy, or epigenetic effects induced by persistent chem-
ical agents. However, the available epidemiological 
evidence is heterogeneous and subject to important 
methodological limitations, such as difficulties in re-
constructing past exposures and the small number of 
cases in certain subgroups11.

Despite the growing body of literature, recent epide-
miological evidence remains fragmented, with sub-
stantial variability in exposure assessment methods, 
study designs, and classification of hematological 
malignancies. In addition, few studies have integrated 
biomarker-based evidence with epidemiological find-
ings, and limited attention has been given to differ-
ences between specific malignancy subtypes. These 
gaps highlight the need for an updated and structured 
synthesis of the most recent evidence focusing on 
occupational chemical exposures and hematological 
outcomes.

Within this context, the present systematic review 
addresses two main research questions: (1) wheth-
er occupational exposure to chemical agents is as-
sociated with an excess risk of developing hemato-
logical malignancies among workers and (2) whether 
parental occupational exposure may be related to 
an increased risk of hematological cancer in their 
offspring. The overall objective is to critically synthe-
size and interpret recent epidemiological evidence 
on these associations. Specific objectives include 
analyzing risk by type of hematological malignancy 
(leukemias, lymphomas, and multiple myeloma) and 

assessing whether observed risks are linked to fam-
ilies of chemical agents or to specific compounds. 
This approach justifies the application of a system-
atic methodology in accordance with PRISMA, as 
described in the following section, to provide robust 
and relevant conclusions for occupational health 
prevention12.

Methods
This study was designed as a systematic literature 
review of the scientific evidence, conducted in ac-
cordance with the PRISMA 2020 guidelines (Pre-
ferred Reporting Items for Systematic Reviews and 
Meta-Analyses), with the aim of ensuring a transpar-
ent, reproducible, and methodologically rigorous pro-
cess for evidence search, selection, and synthesis12. 
Although the review protocol was not prospective-
ly registered in databases such as PROSPERO, the 
main methodological criteria were defined a priori 
before the literature search was initiated, including 
the research questions, eligibility criteria, information 
sources, search period, and general approach to evi-
dence synthesis. No substantial modifications affect-
ing the review question, eligibility criteria, or principal 
outcomes were introduced during the review process. 
The absence of prospective registration may repre-
sent a limitation in terms of transparency; however, 
predefined methodological criteria were consistently 
applied throughout the review process to ensure re-
producibility and methodological rigour.

The research question was formulated using the 
PICO framework, which allowed a clear and opera-
tional definition of the key elements of the review:

•	 P (Population): Adult workers occupationally ex-
posed to chemical agents and children born to 
workers at risk of occupational exposure.

•	 I (Exposure): Occupational exposure to chemical 
substances in the workplace.

•	 C (Comparison): Comparable populations not ex-
posed to the chemical agents under study.

•	 O (Outcomes): Development of hematological 
malignancies, including leukemias, lymphomas, 
and multiple myeloma.

The literature search was conducted in three interna-
tionally recognized electronic databases selected for 
their relevance and coverage in the biomedical and 
occupational health fields: MEDLINE (via PubMed), 
EMBASE, and Web of Science (WoS). These sources 
were considered complementary and appropriate for 
identifying epidemiological and observational studies 
related to occupational exposure and hematological 
diseases.
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The search strategy was adapted to the specific char-
acteristics of each database, combining controlled 
vocabulary terms (e.g., MeSH terms in MEDLINE) 
with free-text terms in titles and abstracts. Equivalent 
strategies were developed for EMBASE and Web of 
Science, adjusting the syntax and database-specif-
ic filters accordingly. For reproducibility purposes, 
the complete search strategies for all databases, in-
cluding syntax adaptations and additional keywords, 
should be provided as supplementary material. No ex-
plicit language restrictions were intentionally applied 
during the search; however, only studies accessible 
in the working languages of the review team were as-
sessed in full text.

The search period was restricted to publications from 
2015 to 2025, including all records available in the se-
lected databases up to the time the search was con-
ducted. The final literature search was conducted in 
January 2026. This time frame was chosen to focus 
the analysis on the most recent and methodologically 
up-to-date evidence.

Studies meeting all of the following criteria were 
included:

•	 Original studies evaluating the incidence of hema-
tological malignancies (leukemias, lymphomas, 
and multiple myeloma).

•	 Studies analyzing the association between occu-
pational exposure to chemical agents and the de-
velopment of these malignancies.

•	 Observational study designs (cohort studies, 
case-control studies, or analytical cross-sectional 
studies).

•	 Publications within the predefined time period.

•	 Articles published in peer-reviewed scientific 
journals.

The following types of studies were excluded:

•	 Studies focusing exclusively on treatment, prog-
nosis, or mortality of hematological malignancies.

•	 Narrative reviews, editorials, letters to the editor, 
or studies without original data.

•	 Studies lacking clear information on occupational 
exposure.

•	 Duplicate publications across databases.

The study selection process was conducted in ac-
cordance with the PRISMA 2020 recommendations 
and is summarized in Figure 112. Study selection was 
performed independently by two reviewers, and any 
disagreements were resolved through discussion and 

consensus. When discrepancies persisted after the 
initial independent assessment, the reviewers re-ex-
amined the full text jointly and reached a final deci-
sion by consensus based on the predefined eligibility 
criteria. Inter-reviewer agreement was assessed us-
ing Cohen’s kappa coefficient.

The initial search identified a total of 120 records. Af-
ter removal of duplicates, 95 titles and abstracts were 
screened, of which 20 articles were selected for full-
text assessment. Ultimately, 13 studies met all eligi-
bility criteria and were included in the final qualitative 
synthesis, as shown in Figure 1.

From the included studies, the following relevant data 
were systematically extracted:

•	 Authors and year of publication.

•	 Country and study context.

•	 Study design.

•	 Type of chemical agent evaluated.

•	 Study population.

•	 Type of hematological malignancy analysed.

•	 Main findings and risk estimates.

The methodological quality of the included studies 
was assessed using standardized tools appropriate 
to each study design: AMSTAR-2 for systematic re-
views and meta-analyses, PRISMA 2020 for system-
atic reviews, and STROBE for observational studies. 
Because STROBE is primarily a reporting guideline 
rather than a dedicated risk-of-bias tool, its use in 
this review was intended to assess the completeness 
and transparency of reporting in observational stud-
ies, not as a standalone instrument for formal bias 
assessment. Risk-of-bias judgments were therefore 
complemented by an appraisal of key methodological 
domains, including participant selection, comparabil-
ity of study groups, exposure assessment, outcome 
ascertainment, and control of confounding. The crite-
ria evaluated and the quality levels achieved are sum-
marized in Table 1.

Given the heterogeneity of study designs, popula-
tions, and chemical agents analyzed, the results were 
synthesized using a qualitative, narrative approach, 
without performing a quantitative meta-analysis.  
A meta-analysis was not performed due to sub-
stantial heterogeneity in exposure definitions, out-
come classification, and study design, which lim-
ited the comparability of effect estimates across 
studies. This heterogeneity was observed at sev-
eral levels, including differences in the chemical 
agents evaluated, occupational settings, exposure 
assessment methods (self-report, job-exposure 
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Figure 1. PRISMA flow diagram (simplified).

Note: n = number of records or studies.

Table 1. Methodological quality of the studies included in the review.

Study type Assessment tool Criteria evaluated Quality level achieved

Systematic reviews 
and meta-analyses

AMSTAR-2 Search strategy, duplicate study 
selection, risk of bias assessment, 

publication bias

High (≥80% of critical 
domains fulfilled)

Systematic reviews PRISMA 2020 PRISMA checklist, flow diagram, 
inclusion and exclusion criteria

Moderate–high 
(according to checklist 

adherence)

Observational studies 
(cohort, case–control)

STROBE Definition of population, exposure, 
and outcomes; statistical methods

High in well-defined 
cohort studies; moderate 
in cross-sectional studies

Notes: AMSTAR-2: Shea et al., BMJ 2017; PRISMA 2020: Page et al., BMJ 2021; STROBE: Cuschieri, 2019. ​
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matrices, biomarkers), study populations, and classi-
fication of hematological malignancy subtypes. In ad-
dition, the included studies differed in design (cohort,  
case--control, ecological, and population-based anal-
yses), which further reduced the appropriateness of 
statistical pooling. Pooling such heterogeneous data 
could have led to misleading summary estimates. To 
improve interpretability, the synthesis was structured 
according to major exposure groups and the con-
sistency of associations observed across different 
study designs.

Results
This section presents a structured synthesis of the 
empirical evidence identified in the systematic review, 
integrating both quantitative and qualitative findings 
on the association between occupational exposure to 
chemical agents and the risk of hematological ma-
lignancies. Across the included studies, three main 
exposure categories emerged: (1) pesticides, which 
showed the most consistent associations with hema-
tological malignancies; (2) industrial chemical agents 
such as benzene and organic solvents, with moderate 
evidence of association; and (3) other agents, includ-
ing formaldehyde and radon, for which the evidence 
was limited or heterogeneous. To facilitate compari-
son across studies, the results were synthesized ac-
cording to exposure group, hematological outcome, 
study design, and direction of effect.

A total of 13 studies met the predefined eligibility 
criteria and were included in the review, encompass-
ing cohort studies, case--control studies, and pop-
ulation-based or ecological analyses. Overall, the 
available evidence indicates consistent, although 
heterogeneous, associations between specific occu-
pational chemical exposures and the development of 
leukemias, lymphomas, and, to a lesser extent, multi-
ple myeloma. As shown in Table 2, multiple studies 
consistently report positive associations between 
occupational exposure to pesticides and the risk of 
hematological malignancies, particularly lymphomas 
and leukemias. In addition, Table 5 presents a global 
summary of evidence for each major chemical agent 
or exposure group, including the number of studies 
identified, the predominant direction of effect, and the 
overall level of evidence. The tables were revised to 
improve comparability between studies and to ensure 
terminological consistency across lymphoma and 
leukemia subtypes.

Table 3 provides a structured overview of the main 
occupational settings and associated chemical 
agents, based on official occupational disease classi-
fications, highlighting sectors with potentially higher 
exposure risk.

Table 4 summarizes the main quantitative risk es-
timates for selected chemical agents, integrating 
the most relevant associations identified across 
the included studies. These estimates should be  
interpreted cautiously because they derive from het-
erogeneous studies with important differences in ex-
posure assessment, study design, and case definition.

Table 5 summarizes the results by exposure group, 
including the number of studies, direction of effect, 
and overall level of evidence.

Figure 2 illustrates the magnitude and direction of 
the associations between occupational exposure to 
selected chemical agents and the risk of hematolog-
ical malignancies based on the available quantitative 
estimates.

The association between occupational exposure 
to pesticides and the development of hemato-
logical malignancies represents one of the most 
consistent findings in the reviewed literature. A re-
cent study by Pandiyan et al. provided biological 
evidence by identifying a positive and statistically  
significant correlation between plasma levels of 
the organophosphate insecticide profenofos and 
the oxidative DNA damage marker 8-hydroxy-2- 
deoxyguanosine (8-OHdG) among exposed agri-
cultural workers, supporting a potential underlying 
genotoxic mechanism21. The MCC-Spain case--
control study by Benavente et al. identified a clear 
dose-response relationship between cumulative 
pesticide exposure and chronic lymphocytic leu-
kemia (CLL)18. In the highest exposure tertile, odds 
ratios were significantly elevated for insecticides, 
herbicides, and fungicides, reinforcing the plausi-
bility of a causal association. Similarly, analyses 
from the InterLymph Consortium by De Roos et al. 
on non-Hodgkin lymphoma revealed particularly rel-
evant compound-specific associations: exposure to 
diazinon was associated with an increased risk of 
follicular lymphoma, whereas exposure to carbaryl 
was linked to T-cell lymphoma19. Taken together, 
these studies support pesticides as the exposure 
group with the most consistent epidemiological 
and mechanistic evidence in the review, as reflected 
in Tables 2, 4, and 5 and in Figure 2.

To provide a balanced perspective, studies report-
ing non-significant results were also retained in the 
synthesis. The Swedish study by Rossides et al. on 
parental occupational exposure to pesticides did not 
observe a statistically significant increase in the risk 
of hematological cancer among offspring22. Like-
wise, the study by Moldenhauer et al. in Vietnam War 
veterans found no significant association between 
exposure to Agent Orange (TCDD) and concurrent 
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Table 3. Occupational settings and chemical agents relevant to the reviewed evidence.

Occupations / 
Activities

Exposure group Key compounds (RD 
1299/2006 codes)

Related evidence in this 
review

Mechanics, cleaners, 
manual workers, 
healthcare staff

Benzene / 
organic solvents

Benzene (1K01, 6D01), 
PAHs (1K06), chlorinated 

hydrocarbons (1H02)

Benzene and solvents were 
associated with leukemia 
risk in specific studies and 
biomarker-based analyses

Agricultural workers 
(gardeners, livestock 
farmers)

Pesticides Organophosphates (diazinon 
1S01), carbamates (carbaryl 

1S01), arsenic-based 
herbicides (1A01)

Most consistent associations, 
especially for NHL, CLL, and 
subtype-specific lymphoma 

risk

Miners Radon Radon (6M01) Limited but positive evidence 
for leukemia in miners

Hairdressers, chemical 
and textile industry 
workers

Formaldehyde Formaldehyde (1F01, 5A01) Heterogeneous and limited 
evidence

Military personnel Other agents TCDD (Agent Orange) No clear increase in concurrent 
lymphoid malignancies

Notes:  This table contextualizes the occupational settings linked to the compounds assessed in Tables 2 and 4. Ref: Spain. Royal 
Decree 1299/2006, of 10 November, approving the schedule of occupational diseases in the Social Security system and establishing 
criteria for their notification and registration. Official State Gazette no. 302, 19-12-2006.

Table 4. Main quantitative oncohematological associations identified for selected compounds.

Compound Exposure group Associated 
malignancy

Association 
measure

95% CI Compound-level 
interpretation

Diazinon Pesticides Non-Hodgkin 
lymphoma (follicular 
lymphoma subtype)

OR 2.32 1.16–4.64 Most consistent 
positive pesticide-

specific association

Carbaryl Pesticides T-cell lymphoma OR 1.97 1.12–3.45 Positive association 
in subtype-specific 

analysis

Glyphosate* Pesticides Non-Hodgkin 
lymphoma

OR 1.81 1.14–2.85 Results of variable 
consistency 

according to the 
studies

Radon Radon Leukaemia SIR 1.51 1.08–2.07 Limited but positive 
evidence in miners

Formaldehyde Formaldehyde Myeloid leukaemia OR 1.30 1.0–1.7 Weak and 
heterogeneous 

association

Benzene Benzene / 
organic solvents

Childhood ALL / 
leukaemia

OR 2.0 As 
reported in 
the source 

study

Relevant 
association 
in specific 

occupational or 
parental exposure 

contexts

OR: odds ratio; SIR: standardized incidence ratio.
Notes: This table presents selected compound-level quantitative associations extracted from the studies summarized 
in Table 2.
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Table 5. Global summary of evidence by exposure group.

Exposure group Number of 
studies

Main outcomes Direction of effect Overall certainty of 
evidence

Pesticides 6 NHL, CLL, leukaemias Predominantly positive Moderate

Benzene / organic 
solvents

3 Leukemias, childhood 
ALL

Mostly positive but 
heterogeneous

Limited–moderate

Radon 1 Leukaemia Positive in specific 
occupational settings

Limited

Formaldehyde 3 NHL, myeloid leukaemia Inconsistent Limited

Parental 
occupational 
exposure

2 Offspring hematological 
malignancies

Mostly null or 
inconclusive

Limited

Notes: Some studies contributed to more than one exposure group; therefore, row totals exceed the total number of included studies. 
This table provides group-level synthesis and should be interpreted together with the study-level information in Table 2 and the 
compound-level estimates in Table 4.

 
Figure 2. Forest plot of the risk of hematological malignancies associated with exposure to chemical compounds. 

This figure was produced by the authors on the basis of the quantitative estimates reported in the included studies and is therefore an 
original figure rather than an adapted reproduction.

lymphoid malignancies. These findings were retained 
to reflect the heterogeneity of the evidence and to 
avoid overemphasizing only positive associations.

The review also identified relevant evidence for oth-
er chemical agents used across different industrial 
sectors. A study by Metayer et al. in California found 
that paternal exposure to organic solvents was as-
sociated with an increased risk of childhood acute 
lymphoblastic leukemia, particularly for chlorinated 
hydrocarbons and benzene24. Evidence on formalde-
hyde exposure was heterogeneous. While the sys-
tematic review by Protano et al. reported weak as-
sociations with non-Hodgkin lymphoma and myeloid 

leukemia27, the review by Vincent MJ et al. concluded 
that the available evidence does not support a caus-
al association between inhaled formaldehyde and 
lymphohematopoietic cancers, given the substantial 
systematic biases affecting the human studies and 
the lack of consistent significant associations in the 
meta-analyses23. Nevertheless, the study by Bas-
sig et al. provided additional biological evidence by 
demonstrating that exposure to benzene and form-
aldehyde was associated with reductions in myeloid 
cell counts, supporting the biological plausibility of 
the observed epidemiological associations25. Com-
pared with pesticides, the evidence for these agents 
was less consistent and more dependent on specific  
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occupational contexts and study designs, as summa-
rized in Tables 2, 4, and 5.

The main sources of bias identified in the includ-
ed studies, together with their potential impact and 
the mitigation strategies adopted, are summarized 
in Table 1 and synthesized at the group level in  
Table 5. Exposure misclassification was the most 
frequent source of bias, with self-reported exposure 
predominating in a substantial proportion of studies, 
potentially leading to underestimation of true risk. 
Only a minority of studies employed biomarker-based 
exposure assessment, thereby reducing this bias21,25. 
Residual confounding related to multiple co-expo-
sures and recall bias in case-control studies was also 
identified. This pattern supports an overall interpreta-
tion of moderate certainty for the most consistent as-
sociations and limited certainty for exposure groups 
supported by fewer or more heterogeneous studies.

Discussion
This systematic review synthesized recent epidemi-
ological evidence on the association between occu-
pational exposure to chemical agents and the risk 
of hematological malignancies. Overall, the findings 
indicate that selected occupational chemical expo-
sures are associated with an increased risk of leu-
kemias and lymphomas, although the strength and 
consistency of the evidence vary substantially across 
exposure groups. The most robust pattern was ob-
served for pesticide-related exposures, whereas the 
evidence for other occupational agents was more 
limited and methodologically heterogeneous12-14.

One of the main findings of this review is the relative 
consistency of the association between occupational 
pesticide exposure and hematological malignancies, 
particularly non-Hodgkin lymphoma and chronic lym-
phocytic leukemia. The included studies identified 
positive associations for organophosphate and car-
bamate insecticides, with compound-specific esti-
mates and exposure-response relationships in the 
better-designed case-control investigations18,19. This 
convergence of findings across analytical studies, 
together with biomarker-based evidence of oxidative 
DNA damage, strengthens the plausibility of a causal 
interpretation and suggests that the observed associ-
ations are unlikely to be explained solely by chance or 
uncontrolled bias21.

These findings are also broadly consistent with the 
wider occupational and toxicological literature, which 
has long suggested that certain pesticides may exert 
genotoxic, oxidative, epigenetic, and immunomod-
ulatory effects relevant to hematological carcino-
genesis18,19. In this context, the repeated implica-
tion of compounds such as diazinon and carbaryl is 

particularly important, as it reinforces concern regard-
ing chemical groups that remain in occupational use 
or have structurally related substitutes. Although this 
review was not designed to establish causal certainty 
at the compound level, the overall pattern of evidence 
supports a precautionary interpretation for pesticide 
exposure in occupational settings.

By contrast, the evidence for non-pesticide occupa-
tional agents was less cohesive. The studies includ-
ed in the present synthesis suggested that benzene, 
organic solvents, radon, and formaldehyde may also 
be relevant in specific occupational contexts, but 
the corresponding literature was smaller and less 
consistent in exposure definition, study design, and 
magnitude of effect20,23-25,27. This heterogeneity limits 
direct comparison across compounds and reduces 
confidence in generalizations, particularly where ex-
posure assessment relied on job titles, self-report, or 
ecological inference rather than objective biomarkers 
or task-based matrices.

The weaker consistency observed for formalde-
hyde and parental occupational exposure deserves 
particular attention22-24,27. In the included literature, 
formaldehyde-related findings were limited and in-
conclusive, while the evidence regarding parental 
occupational exposure and hematological malignan-
cy risk in offspring remained insufficient to support 
firm inferences22,24. Although biologically plausible 
pathways have been proposed for transgenerational 
effects, including germ-cell damage and epigenetic 
mechanisms, the available epidemiological evidence 
remains constrained by retrospective exposure re-
construction, small subgroup sizes, and the difficulty 
of separating paternal, maternal, and shared environ-
mental exposures11.

Methodological limitations across the included stud-
ies should be considered when interpreting these 
findings. Exposure misclassification was likely the 
most important source of uncertainty, particularly in 
studies relying on self-reported occupational histories 
or broad occupational categories21,22. Residual con-
founding by co-exposures is another major concern 
in occupational epidemiology, especially in agricul-
ture and industry, where workers are often exposed to 
complex mixtures rather than single agents25. In ad-
dition, heterogeneity in disease classification, partic-
ularly across lymphoma and leukemia subtypes, fur-
ther complicates comparison between studies and 
may attenuate subtype-specific associations27.

Despite these limitations, several aspects of the ev-
idence support the credibility of the overall findings. 
First, the direction of association was relatively con-
sistent for pesticides across different study designs. 
Second, some studies identified dose-response 
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gradients, which strengthen epidemiological infer-
ence. Third, the biomarker findings reported in ex-
posed workers provide mechanistic support that is 
coherent with the observed epidemiological patterns. 
Taken together, these features argue against a purely 
spurious explanation for the associations observed 
with pesticide exposure.

From an occupational health perspective, the impli-
cations of these findings are substantial. The identi-
fication of recurrent associations between selected 
workplace chemical exposures and hematological 
malignancies supports the prioritization of primary 
prevention, stricter exposure control, and reinforced 
medical surveillance in high-risk sectors, particular-
ly agriculture and selected industrial settings. These 
findings also support periodic re-evaluation of occu-
pational exposure limits and the systematic imple-
mentation of collective and personal protective mea-
sures for workers exposed to potentially carcinogenic 
agents12,25.

The review also highlights important priorities for fu-
ture research. Prospective studies with long-term 
follow-up, refined classification of hematological ma-
lignancy subtypes, and robust exposure assessment 
strategies are needed to improve causal interpretation. 
The integration of epidemiological designs with bio-
monitoring, molecular epidemiology, and omics-based 
approaches may be particularly valuable in clarifying 
dose-response patterns, early biological effects, and 
mechanistic pathways linking occupational chemical 
exposures to hematological carcinogenesis.

Overall, the evidence synthesized in this review sup-
ports the conclusion that occupational exposure to 
certain chemical agents, most notably specific pes-
ticides, is associated with increased oncohemato-
logical risk. At the same time, the variability in the 
evidence base across other exposure groups under-
scores the need for cautious interpretation and for 
better-designed studies capable of disentangling 
compound-specific effects within complex occupa-
tional exposure scenarios.

Conclusions
This systematic review synthesized recent epidemi-
ological evidence on the association between occu-
pational exposure to chemical agents and the risk of 
hematological malignancies. Overall, the evidence 
included in the final qualitative synthesis indicates 
that selected occupational chemical exposures are 
associated with an increased risk of leukemias and 
lymphomas, although the strength and consistency 
of the associations vary across exposure groups.

The most consistent evidence was observed for pes-
ticide exposure, particularly for organophosphate and 

carbamate insecticides, which were repeatedly asso-
ciated with non-Hodgkin lymphoma, specific lympho-
ma subtypes, and chronic lymphocytic leukemia. The 
convergence of positive associations across analyt-
ical studies, together with dose-response patterns 
and biomarker findings compatible with oxidative and 
genotoxic mechanisms, strengthens the plausibility 
of these associations.

By contrast, the evidence for other occupational 
chemical agents was more limited and heteroge-
neous. Although some included studies suggested 
potential relevance for non-pesticide exposures, the 
available evidence was less coherent in terms of 
study design, exposure definition, and effect magni-
tude. In particular, the evidence for formaldehyde and 
parental occupational exposure remained insufficient 
to support firm conclusions.

Taken together, these findings support the prioriti-
zation of primary prevention strategies for occupa-
tional exposure to potentially carcinogenic chemical 
agents, especially in sectors characterized by recur-
rent pesticide use. They also justify strengthening ex-
posure control, occupational health surveillance, and 
periodic re-evaluation of preventive and regulatory 
standards in high-risk work environments.

Finally, this review highlights the need for future re-
search based on prospective designs, refined expo-
sure assessment, long-term follow-up, and detailed 
analyses by hematological malignancy subtype. 
Greater integration of epidemiological approach-
es with biomonitoring and molecular evidence will 
be essential to clarify compound-specific risks and 
to better inform occupational health policy and 
prevention.
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