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Disclaimer. This document is a research synthesis of the published scientific literature. It is not medical advice
and should not be used to diagnose, treat, or make personal health decisions; consult a qualified clinician for
individual concerns. It is not peer-reviewed. It is intended to summarize the state of the evidence and identify open
guestions, with sources cited so readers can verify every claim independently.

How this was produced. This synthesis was assembled with Al-assisted literature review and drafting, then
human-verified: every primary study cited below was checked against its published source, and figures that could
not be traced to a verifiable source in that check were removed or restated qualitatively. Where the evidence is
contested, we say so. This is a selective synthesis of representative, high-quality studies — not an
exhaustive systematic review; the meta-analytic estimates cited below place the individual cohort findings in the
context of the broader literature. We regard transparency about method as part of the credibility of the result.

Executive summary

Long-term exposure to fine particulate matter (PM2.5) is associated with an increased risk of Alzheimer's
disease and related dementias, and with faster cognitive decline, across multiple large cohorts on three
continents. The epidemiological signal is consistent and shows a dose-response gradient. However,
definitive causal claims remain premature: the associations are vulnerable to unmeasured confounding
(especially socioeconomic position and indoor exposures), exposure misclassification (outdoor monitors
used as a proxy for personal exposure), and a shortage of mechanistic data in humans rather than animal
models.

The largest recent pooled analysis places the increase at roughly a 1.08 hazard ratio per 5 pg/m3
increment in long-term PM2.5 exposure (95% CI 1.02-1.14). The evidence is heterogeneous, not
uniform: one major meta-analysis is null in its overall estimate (positive only where dementia cases are
actively ascertained), so the honest read is more likely than not associated, with a magnitude that is
moderate and partly method-dependent. The association generally persists after adjustment for standard
covariates (age, sex, education, smoking, cardiovascular disease), though residual confounding cannot be
excluded. (The full report details the cohort-level and meta-analytic picture, including the discordant
findings.)

The mechanistic case is biologically plausible and supported by animal and in-vitro work —
neuroinflammation, oxidative stress, blood—brain-barrier disruption, direct ultrafine-particle transport, and
accelerated amyloid/tau pathology — but the human mechanistic evidence is still thin. The highest-value
next steps couple personal exposure monitoring with blood-based Alzheimer's biomarkers and exploit
natural experiments (e.g., air-quality policy shocks) that approximate randomization.



The epidemiological evidence

The signal is consistent across populations and exposure-assessment methods. Several of the
most informative studies:

« Women's Health Initiative Memory Study (Cacciottolo et al., 2017). In a US-wide cohort of older
women (aged 65-79, free of dementia at enroliment), residing where PM2.5 exceeded the US national
ambient standard was associated with roughly an 81% higher risk of global cognitive decline and a
92% higher risk of all-cause dementia (high vs. low exposure), with stronger effects in carriers of the
APOE ¢€4/4 genotype. The same study reported that urban-derived nanoparticulate exposure
increased cerebral B-amyloid in a transgenic mouse model, exacerbated by APOE €4. [1]

« US Medicare cohort (Shi et al., 2020). Across the fee-for-service Medicare population (ages =65,
contiguous US, 2000-2016), long-term PM2.5 exposure was significantly associated with an increased
hazard of first hospital admission for Alzheimer's disease and related dementias — with associations
detectable even at concentrations below current national standards. [2]

e« Swedish National Study on Aging and Care, Kungsholmen (Grande et al., 2020). In ~2,927
Stockholm residents aged =60, long-term air-pollution exposure was associated with dementia risk
despite comparatively low absolute exposure levels. The study's central finding is that cardiovascular
disease appears to mediate much of the association — i.e., a substantial share of the
PM-to-dementia link seemed to operate through cardiovascular pathways — and that the last ~5 years
of exposure were the most relevant. [3]

e Ontario population cohort (Chen et al., 2017). In ~2.2 million adults aged 55-85 with universal
healthcare, living within 50 m of a major traffic road was associated with a ~7% higher incidence
of dementia (HR = 1.07), with a monotonic gradient by distance and stronger associations among
long-term urban residents. Traffic proximity is a composite proxy (PM2.5, ultrafine particles, NOm,
noise), so this is best read as a traffic-exposure signal rather than a PM2.5-specific one. [4]

Meta-analytic synthesis. The largest and most recent pooled analysis estimates a positive, significant
association between long-term PM2.5 and incident dementia — a 1.08 hazard ratio per 5 pg/ms3 (95% CI
1.02-1.14; 2025 systematic review and meta-analysis [5]). The evidence is mixed rather than uniform:
one major 2023 meta-analysis was null overall, with the positive signal concentrated in studies using active
case-ascertainment, so the direction is positive (and significant on the largest pooling) while the
consistency is moderate and partly an artifact of how dementia is detected. The full report covers this in
depth.

What is consistent: a dose-response gradient; biological plausibility from animal models; a temporal
sequence in which midlife exposure precedes late-life dementia in longitudinal cohorts; geographic
coherence across the North American and European cohorts reviewed (no Asian cohort is cited here)
despite differing PM composition; and stronger associations in some APOE €4 subgroups.

What is contested: causal identification (no randomized trials — they would be unethical — and limited
natural experiments); which PM components drive risk (black carbon vs. metals vs. organics); whether
there are critical exposure windows (midlife vs. late-life); whether a safe threshold exists; the gap between
outdoor-monitor exposure and the indoor environments where people spend the large majority of their time



(~87% indoors, per US national activity-survey data) [6]; and the possibility of reverse causation, where
preclinical disease alters exposure patterns.

Biological mechanisms (plausible, partly demonstrated, not settled in
humans)

The proposed pathways are coherent and supported by experimental work, but most direct evidence is
from animal or in-vitro systems; the human mechanistic data remain limited. Claims below should be read
as mechanistic hypotheses with supporting animal/in-vitro evidence, not established human
causation.

o Neuroinflammation. PM exposure can activate microglia and inflammatory signaling
(TLR4/MyD88/NF-kB; NLRP3 inflammasome - IL-1(3; complement-mediated synaptic pruning). In
APP/PS1 transgenic mice, particulate-matter exposure has been shown to exacerbate amyloid-8
plague deposition and gliosis (elevated GFAP, Ibal, and CD68 markers). [7]

o Oxidative stress. Transition metals in PM can catalyze reactive-oxygen-species generation
(Fenton/Haber-Weiss chemistry); downstream effects include mitochondrial dysfunction, lipid
peroxidation, and DNA damage.

o Blood-brain-barrier disruption. Chronic exposure is associated in models with downregulation of
tight-junction proteins (claudin-5, occludin), pericyte dysfunction, and increased permeability.

« Direct transport. Ultrafine particles (<100 nm) may reach the brain via the olfactory and trigeminal
routes and via circumventricular organs that lack a complete barrier; combustion-derived magnetite
has been reported in human brain tissue.

« Proteinopathy. Animal evidence suggests PM exposure can accelerate amyloid- aggregation and
tau hyperphosphorylation and impair clearance.

e« Gene-environment interaction. APOE ¢4, and possibly TREM2 and complement-pathway variants,
may modulate the neuroinflammatory response to PM — consistent with the stronger associations
seen in some €4 subgroups.

Association versus causation

This is the crux, and it deserves precision.

e« Association is statistical dependence between exposure and outcome; it may reflect causation,
confounding, or selection.

« Causation requires that PM exposure changes the probability of disease through a biological pathway
— a counterfactual claim.



Applying the Bradford Hill considerations to the current evidence: temporality holds (exposure precedes
diagnosis by years); consistency holds (many populations); dose-response generally holds; biological
plausibility and coherence hold (mechanisms align with cardiovascular findings); experimental support
exists in animals but human trials are impossible. Against a confident causal claim: specificity is weak (PM
affects many organs and outcomes), and the strength of association is moderate (hazard ratios typically in
the 1.05-1.5 range), not large. On balance, the evidence supports causation as plausible but not proven.

Principal threats to a causal interpretation: unmeasured confounding by socioeconomic position;
exposure misclassification (ambient monitors vs. personal exposure); survivor bias; detection bias; and
reverse causation. Each cited study carries its own version of these limitations — for example,
outdoor-monitor exposure assignment, absent individual smoking data in some administrative cohorts, and
the inability to fully separate traffic-related noise from traffic-related PM.

What would move the evidence toward causation:

1 Policy-shock natural experiments (e.g., Clean Air Act non-attainment designations) analyzed with
difference-in-differences or related quasi-experimental designs.

2 Personal exposure monitoring (wearable PM2.5/ultrafine sensors) coupled with repeated blood-based Alzheimer's
biomarkers (plasma p-tau217, GFAP, neurofilament light).

3 Mendelian randomization, with appropriate caveats about pleiotropy.

4 Target-trial emulation on high-quality cohort data.

Key gaps

e Personal vs. ambient exposure. Most studies use outdoor monitors; few measure what individuals
actually breathe, indoors and out.

e Mechanistic human data. The pathway evidence is largely animal/in-vitro; human biomarker-linked
mechanistic data are scarce.

« PM speciation. Which components (metals, organics, black carbon) carry the risk is unresolved.
o Critical windows. Whether midlife exposure matters more than late-life exposure is unclear.
e« Gene-environment interaction beyond APOE is underexplored.

« Low-dose/threshold behavior. Whether risk is linear to very low concentrations, or has a threshold,
is not established.

Priority research directions

1 Anested case-control study within an existing Alzheimer's cohort (e.g., ADNI, NACC), deploying personal
PM2.5/ultrafine monitors and collecting serial plasma biomarkers (GFAP, NfL, p-tau217).

2 Anpolicy-shock analysis exploiting air-quality regulation changes as quasi-random exposure variation.



3 Agene-environment study (e.g., within a large biobank) testing APOE x PM interactions with pre-registered
hypotheses.

4 iPSC-derived neuron/microglia challenge experiments to probe human-cell-specific mechanisms.

5 Awildfire-smoke natural experiment linking acute high-exposure episodes to cognitive and biomarker outcomes.
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