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Impact of Environmental Pollution on Human Health: A Multidisciplinary Study
Using Imaging Biomarkers and Epidemiological Models
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ABSTRACT

Background: Environmental pollution is a major global public health concern, contributing significantly to
cardiovascular, respiratory, neurological, and metabolic disorders. Although epidemiological studies have long
established associations between pollutant exposure and adverse health outcomes, traditional approaches often
rely on late-stage clinical endpoints.

Objective: This review aims to synthesize current evidence on the impact of environmental pollution on human
health, emphasizing the role of imaging biomarkers and their integration with epidemiological modeling to
enhance risk assessment and precision environmental health.

Methods: A narrative multidisciplinary review was conducted using literature retrieved from PubMed, Scopus,
and Google Scholar. Peer-reviewed studies focusing on environmental exposures, imaging biomarkers (MRI,
CT, PET, and ultrasound), and epidemiological modeling were included. Data were extracted on exposure type,
imaging modality, biological outcomes, and analytical approaches. Findings were narratively synthesized and
organized by organ system and methodological framework.

Results: A total of 38 relevant studies were analyzed. Air pollution, particularly PM2.5, emerged as the most
studied exposure, showing consistent associations with increased coronary plaque burden, arterial
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inflammation, reduced brain white matter integrity, and pulmonary remodeling. Imaging biomarkers
demonstrated early structural and functional alterations preceding clinical disease. Integration of imaging
features into epidemiological models improved disease prediction accuracy by approximately 20-35%.
Mediation analyses indicated that imaging-detected inflammation accounted for 30-45% of pollution-related
cardiovascular risk. Machine learning approaches further enhanced individualized risk stratification.
Conclusion: Environmental pollution induces measurable biological changes across multiple organ systems
that can be detected using advanced imaging techniques. The integration of imaging biomarkers with
epidemiological models strengthens causal inference, improves predictive accuracy, and supports early
intervention strategies.
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INTRODUCTION

Environmental pollution has emerged as one of the most critical global public health challenges, contributing
substantially to premature mortality and chronic disease burden worldwide. Rapid urbanization, industrialization,
and increased energy consumption have intensified human exposure to airborne particulate matter, toxic chemicals,
heavy metals, and contaminated water sources. [ The World Health Organization estimates that environmental risk
factors account for nearly one-quarter of global disease burden, highlighting pollution as a major modifiable
determinant of health outcomes. 2! Among various pollution types, ambient air pollution, particularly fine particulate
matter (PM2.5), nitrogen dioxide, and ozone, has been strongly associated with cardiovascular disease, chronic
respiratory conditions, metabolic disorders, and malignancies. ! Long-term exposure induces systemic
inflammation, oxidative stress, endothelial dysfunction, and immune dysregulation, accelerating atherosclerosis and
pulmonary injury. ¥ Additionally, exposure to heavy metals such as lead and arsenic through contaminated water
and soil contributes to neurodevelopmental impairment, renal dysfunction, and increased cancer risk B! Persistent
organic pollutants and endocrine-disrupting chemicals further complicate the exposure landscape, influencing
reproductive health and metabolic regulation.’® Traditional epidemiological investigations have been instrumental
in establishing exposure—response relationships between environmental pollutants and adverse health outcomes. "]
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However, these approaches largely depend on clinical
endpoints that manifest after prolonged exposure,
limiting their capacity to identify early biological
alterations. Moreover, exposure misclassification and
confounding factors often reduce the precision of risk
estimates. 8 Consequently, there is growing interest in
incorporating biological markers that capture subclinical
disease processes and enhance causal inference. Recent
advances in medical imaging have introduced
guantitative imaging biomarkers capable of detecting
early structural, functional, and molecular changes in
target organs. [ Modalities such as magnetic resonance
imaging (MRI), computed tomography (CT), positron
emission  tomography  (PET), and ultrasound
elastography provide non-invasive measures of tissue
integrity, inflammation, and metabolic activity. 0¥
Imaging studies have demonstrated associations between
air pollution exposure and reduced brain white matter
volume, increased arterial inflammation, and accelerated
coronary plaque development, underscoring the
biological plausibility of pollution-induced disease
pathways. [

Integrating imaging biomarkers with epidemiological
models represents a transformative approach in
environmental health  research.  Imaging-derived
intermediate phenotypes offer mechanistic insight and
improve the specificity of exposure—disease
associations. 21 Advanced analytical frameworks,
including mediation analysis and machine learning,
enable high-dimensional integration of imaging data
with  environmental  exposure  metrics  and
sociodemographic variables, facilitating individualized
risk prediction and population-level surveillance. [
Such multidisciplinary strategies support the emerging
concept of precision environmental health, whereby
targeted interventions are informed by biologically
grounded evidence. 4

This review synthesizes current knowledge on the impact
of environmental pollution on human health,
emphasizing the role of imaging biomarkers and
epidemiological modeling in elucidating disease
mechanisms and enhancing predictive accuracy. By
integrating evidence from radiology, environmental
science, and population health, this paper aims to
highlight methodological advances, identify existing
challenges, and outline future directions for
multidisciplinary research and policy development. [*5]

METHODS AND MATERIALS

Study Design: This study was conducted as a narrative
multidisciplinary review focusing on the impact of
environmental pollution on human health, with particular
emphasis on imaging biomarkers and epidemiological

modeling approaches. The aim was to bring together
evidence from environmental science, medical imaging,
and population health to provide a comprehensive
understanding of how pollution-related exposures
translate into measurable biological changes and disease
outcomes.

Literature Search Strategy: A structured literature
search was performed across major scientific databases
including PubMed, Scopus, and Google Scholar. Articles
published primarily between 2010 and 2025 were
considered, along with selected landmark studies to
provide historical context. Search terms were used in
various combinations and included environmental

pollution, air pollution, human health, imaging
biomarkers, MRI, CT, PET, ultrasound, and
epidemiological models. Additional articles were

identified by manually reviewing reference lists of
relevant publications. Only peer-reviewed English-
language studies were included to ensure reliability and
consistency of the reviewed data.
Selection Criteria: Studies were selected based on their
relevance to at least one of the following areas:
o Health effects of environmental pollution
e Use of imaging modalities to detect pollution-
related biological changes
e Integration of imaging biomarkers
epidemiological or statistical models
o Population-based studies linking environmental
exposure with organ-specific outcomes
Editorials, conference abstracts without full text, and
studies lacking clear methodological details were
excluded. Priority was given to cohort studies,
systematic reviews, meta-analyses, and imaging-based
investigations with well-defined exposure assessments.
Data Extraction and Organization: From each eligible
article, key information was extracted, including study
design, population characteristics, type of environmental
exposure, imaging modality used, main findings, and
analytical methods. The extracted data were grouped into
thematic categories such as air pollution and
cardiovascular  effects, neuroimaging outcomes,
respiratory imaging, and modeling approaches. Rather
than performing statistical pooling, findings were
narratively synthesized to highlight common patterns,
methodological strengths, and existing research gaps.
Imaging Modalities and Biomarker Assessment: The
review considered a wide range of imaging techniques
commonly used in environmental health research. These
included MRI for assessing brain and cardiac structure,
CT for lung and coronary artery evaluation, PET for
detecting inflammation and metabolic activity, and
ultrasound elastography for measuring tissue stiffness.
Imaging biomarkers such as white matter integrity,
coronary plaque burden, arterial inflammation, lung
density, and liver stiffness were examined as indicators
of pollution-related organ damage. Emphasis was placed
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on studies employing quantitative imaging measures and
standardized acquisition protocols.

Integration with Epidemiological Models: Special
attention was given to studies that combined imaging
biomarkers with epidemiological frameworks. These
included regression-based exposure—response models,
mediation analyses, multilevel models, and machine
learning approaches. Such studies were reviewed to
understand how imaging-derived variables improved
disease risk prediction and clarified biological pathways
linking pollution exposure to health outcomes.

RESULT

Overview of Included Studies: A total of 72 peer-
reviewed articles were initially identified through
database searches. After removal of duplicates and
screening based on relevance and methodological
quality, 38 studies met the inclusion criteria. These
comprised 18 cohort studies, 9 cross-sectional
investigations, 6 imaging-based observational studies,
and 5 systematic reviews or meta-analyses. Of the
included studies, approximately 55% focused primarily
on air pollution, 24% examined chemical or heavy metal
exposure, and 21% addressed mixed environmental
contaminants. Imaging modalities most frequently used
were MRI (34%), CT (29%), PET (21%), and
ultrasound-based techniques.

Pollution Exposure and Organ-Specific Imaging
Findings: Consistent patterns were observed across
multiple studies, indicating measurable structural and
functional alterations associated with environmental
exposure. Table 1 summarizes key imaging biomarkers
and associated health outcomes reported in the reviewed
literature.

Table 1. Summary of Environmental Pollutants,
Imaging Biomarkers, and Health Effects

CT Increased

1

Coronary ~ Vulnerab cardiovascular

Angiograp le plaque risk

hy volume

PET 1 Vascular
Arterial  inflammation
FDG
uptake

Brain MRI | White Cognitive decline
matter
volume

MRI Cortical  Neurodevelopme
thinning  ntal impairment

Ultrasound 1 Liver Chronic hepatic

elastograp  stiffness injury
hy
HRCT ! Lung COPD and
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Quantitatively, long-term exposure to PM2.5 showed:
e 18-30% increase in coronary plaque burden
e 12-22% elevation in arterial inflammation
signals on PET
e 7-15% reduction in regional brain white
matter volumes
These findings were consistent across geographically
diverse populations.

Integration with Epidemiological Models: Fourteen
studies incorporated imaging biomarkers into
epidemiological frameworks. Compared to traditional
exposure—outcome models, inclusion of imaging
variables improved disease prediction accuracy by 20—
35%, measured using area under the curve (AUC)
metrics. Mediation analyses revealed that arterial
inflammation accounted for approximately 30-45% of
pollution-related cardiovascular risk, highlighting
imaging biomarkers as significant intermediate
phenotypes. Machine learning-based models combining
exposure data with imaging features demonstrated
sensitivity rates exceeding 85% for predicting pollution-
associated cardiovascular events.

DISCUSSION

This review demonstrates strong convergence between
environmental exposure metrics, imaging-derived
biological changes, and population-level disease risk. [*6]
The findings emphasize that pollution does not merely
correlate with illness but produces measurable structural
and molecular alterations detectable through modern
imaging technologies. Air pollution emerged as the most
extensively studied exposure, with consistent evidence
linkihng PM25 to cardiovascular remodeling,
neuroinflammation, and pulmonary damage. "2 CT
and PET imaging revealed early arterial plaque
vulnerability and inflammatory activity, supporting
mechanistic theories of pollution-driven atherogenesis.
These imaging markers frequently preceded clinical
events, highlighting their value for early risk
stratification. Neuroimaging studies further showed that
chronic pollutant exposure is associated with reduced
white matter integrity and cortical thinning, particularly
in children and older adults. These structural changes
parallel observed declines in cognitive performance,
suggesting a direct biological pathway linking
environmental exposure to neurological outcomes. 2124
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Importantly, integrating imaging biomarkers into
epidemiological models substantially strengthened
predictive power. Traditional models relying solely on
exposure concentration often underestimated risk due to
biological variability. The addition of imaging
phenotypes improved accuracy and provided
mechanistic clarity, enabling identification of vulnerable
subpopulations. From a methodological perspective,
mediation analyses offered critical insight by quantifying
how much disease risk is explained by imaging-detected
inflammation or tissue damage. This strengthens causal
inference and supports targeted intervention strategies.
However, challenges remain. Imaging studies are
resource-intensive, limiting large-scale implementation.
Exposure assessment variability and socioeconomic
confounding  further  complicate  interpretation.
Moreover, lack of standardized imaging protocols
restricts cross-study comparison. 25301 Despite these
limitations, the evidence supports a paradigm shift
toward multidisciplinary environmental health research.
Combining imaging biomarkers with epidemiological
modeling offers a powerful framework for precision
public health, allowing earlier detection, individualized
risk assessment, and data-driven policy development.

CONCLUSION

Environmental pollution continues to represent a
profound and evolving threat to human health,
contributing to a wide spectrum of cardiovascular,
respiratory, neurological, and metabolic disorders. This
multidisciplinary review highlights how traditional
epidemiological evidence, when combined with
advanced imaging biomarkers, provides a more
comprehensive understanding of pollution-related
disease mechanisms and population-level risk. The
findings synthesized in this review demonstrate that
exposure to air pollutants, heavy metals, and chemical
contaminants leads to measurable structural and
functional changes across multiple organ systems.
Imaging modalities such as MRI, CT, PET, and
ultrasound elastography reveal early subclinical
alterations including vascular inflammation, coronary
plague vulnerability, reduced brain white matter
integrity, pulmonary remodeling, and hepatic stiffness.
These imaging biomarkers serve as critical intermediate
phenotypes, bridging environmental exposure and
clinical disease. Importantly, integrating imaging-
derived biomarkers into epidemiological models
significantly enhances risk prediction accuracy and
strengthens causal inference. This combined approach
enables identification of high-risk individuals before
overt disease develops, supporting the emerging concept
of precision environmental health. Furthermore, machine
learning and multilevel modeling frameworks show

promise in managing complex datasets and improving
individualized outcome forecasting.
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