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Abstract

Long-term exposure to fine particulate matter (PM2.5) is, on balance, more likely than not associated
with Alzheimer's disease and related dementias and with faster cognitive decline — though the evidence is
heterogeneous, not uniform. The largest and most recent pooled analysis reports a hazard ratio of 1.08
per 5 pg/m3 of long-term PM2.5 exposure (95% Cl 1.02-1.14), and the 2020 Lancet Commission lists air
pollution among the modifiable risk factors for dementia. At the same time, a deliberately conservative
Burden-of-Proof meta-analysis rates the PM2.5—-dementia evidence only "weak and/or inconsistent” (two
stars; the Alzheimer's-specific association rates three), and another major meta-analysis is null in its
overall estimate, with the positive signal concentrated in studies using active case-ascertainment. This
discordance points to outcome-measurement quality as a key modifier rather than to absence of effect.
The biological case is plausible and supported by animal and in-vitro evidence — neuroinflammation,
oxidative stress, blood—brain-barrier disruption, direct translocation of ultrafine particles to the brain, and
accelerated amyloid/tau pathology — but human mechanistic data remain limited. Crucially, the evidence
supports causation as plausible but not proven: the associations are vulnerable to unmeasured
confounding (notably socioeconomic position), exposure misclassification, and reverse causation, and no
randomized human trials are possible. This report reviews the epidemiology cohort by cohort, maps the
candidate mechanisms with their evidentiary status, applies the Bradford Hill considerations explicitly,
catalogs the principal evidence gaps, and lays out the study designs most likely to move the field from
association toward causal inference.



1. Introduction and scope

Alzheimer's disease and related dementias are among the most consequential public-health burdens of an
aging population, and a growing body of work implicates environmental exposures — air pollution chief
among them — as potentially modifiable contributors. In 2020 the Lancet Commission on dementia
prevention formally added air pollution to its life-course model of modifiable dementia risk factors,
alongside excessive alcohol use and traumatic brain injury [8]. That elevation reflects a maturing
epidemiological literature, but it sits atop a still-incomplete causal and mechanistic foundation.

This report examines, specifically, the relationship between long-term fine particulate matter (PM2.5)
exposure and Alzheimer's disease / dementia. It is deliberately scoped tightly to airborne particulate
exposure and the brain; adjacent particulate questions — most notably microplastics as a particle vector,
and the broader chemical-contamination landscape (PFAS and others) — are touched on only where
directly relevant (86) and are treated as separate research artifacts in their own right.

The companion brief (a ~2,000-word summary) states the headline conclusions; this full report restores
the cohort-level detail, the mechanistic depth, and the causal-inference analysis that the brief compresses.
The two are consistent: the brief is a faithful compression of this document.

2. Background: why particulate matter is a candidate neurotoxicant

PM2.5 — particulate matter with an aerodynamic diameter <2.5 um — is a complex mixture of combustion
products, road and brake wear, secondary aerosols, transition metals, and organic compounds. Its small
size lets it penetrate deep into the respiratory tract and enter systemic circulation; the ultrafine fraction
(<100 nm) has additional routes of concern (85). Three features make it a biologically credible candidate
for neurological harm: it provokes systemic and local inflammation; it carries redox-active metals and
organics capable of generating oxidative stress; and a fraction of it can plausibly reach the central nervous
system directly. Exposure is also near-universal and chronic — and because people spend the large
majority of their time indoors (~87%, per US national activity-survey data [6]), outdoor-monitor-based
exposure estimates systematically mismeasure true personal dose, a limitation that recurs throughout the
epidemiology.

3. Methods and evidence approach

This is a selective narrative synthesis, not a systematic review: it does not claim exhaustive coverage, a
pre-registered search protocol, or formal risk-of-bias scoring across all eligible studies. Studies were
chosen to represent the strongest and most informative designs across geographies and
exposure-assessment methods — large prospective cohorts, a national administrative cohort, a
low-exposure European cohort, and recent meta-analyses — supplemented by mechanistic animal/in-vitro
work for biological plausibility. Every citation was independently verified against its published record, and
guantitative claims that could not be traced to a named source were removed rather than reported. Effect
estimates are presented with their study context (population, exposure metric, adjustment set) because
hazard ratios are not comparable across studies without it. Mechanistic statements are flagged by
evidentiary level (human vs. animal/in-vitro).



4. The epidemiological evidence

The signal is consistent across populations and exposure-assessment methods. The most
informative individual cohorts:

Women's Health Initiative Memory Study (WHIMS) — Cacciottolo et al., 2017 [1]. In a US-wide cohort
of older women (aged 65-79, free of dementia at enrollment, >95% urban, across 48 states), residing
where PM2.5 exceeded the US national ambient air quality standard (3-year average >12 pug/ms3) was
associated with approximately an 81% higher risk of global cognitive decline and a 92% higher risk of
all-cause dementia (high vs. low exposure), with stronger adverse effects among APOE €4/4 carriers.
Note this is a dichotomized above-vs-below-standard contrast (HR = 1.92), not a per-ug estimate, and
is therefore not directly comparable to — and is larger than — the per-increment meta-analytic hazard
ratios below; it should not anchor the reader's sense of the typical effect size. The same paper reported
that urban-derived nanoparticulate exposure increased cerebral 3-amyloid in a transgenic mouse model,
exacerbated by APOE €4 — a rare instance of parallel human-epidemiological and experimental evidence
in one study.

US Medicare cohort — Shi et al., 2020 [2]. 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 (and for Parkinson's
disease). Associations were detectable even at concentrations below current national standards — a
finding directly relevant to whether a "safe" threshold exists. The administrative design gives enormous
statistical power but limited individual-level covariates (e.g., no smoking data), a tradeoff discussed in §7.

Swedish National Study on Aging and Care, Kungsholmen (SNAC-K) — Grande et al., 2020 [3]. 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 and distinctive finding is that
cardiovascular disease appears to mediate much of the association — heart failure and ischemic
heart disease enhanced the relationship, and stroke acted as an important intermediate — suggesting a
substantial share of the PM-to-dementia link may operate through cardiovascular pathways. The last ~5
years of exposure were the most relevant.

Ontario population cohort — Chen et al., 2017 [4]. 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 (attenuating to no association beyond ~300
m) and stronger associations among long-term urban residents. Traffic proximity is a composite exposure
(PM2.5, ultrafine particles, NOm, noise), so this is best read as a traffic-related signal rather than a
PM2.5-specific one. Notably, Chen's own analysis found that measured PM2.5 and NOm did not fully
account for the proximity effect, and found no association for Parkinson's disease or multiple
sclerosis — the latter relevant to the specificity question in 87. It is instructive as a real-world exposure
gradient, but it is not concentration-based PM2.5 dose-response evidence.

Meta-analytic synthesis — positive on the largest pooling, but genuinely mixed.

e« The 2025 Lancet Planetary Health systematic review and meta-analysis [5] — the largest and most
recent (21 studies for the PM2.5—-dementia estimate, n = 24 million) — reported a pooled adjusted



hazard ratio of 1.08 per 5 pg/m3 (95% CI 1.02—1.14), with significant associations also for black
carbon and NOm.

e A 2023 BMJ systematic review and meta-analysis (Wilker et al. [9]; 14 PM2.5 studies, >16 million
adults) found the overall PM2.5—-dementia estimate to be null (HR 1.04 per 2 ug/ms3, 95% CI
0.99-1.09) — the significant signal (=17% per 2 pg/m3) appeared only in the subset of studies using
active case-ascertainment. Because passive ascertainment systematically under-detects dementia
(non-differential outcome misclassification biases toward the null), this is better read as a
measurement-quality effect than as evidence of no association; the authors graded confidence as
low-to-moderate.

e« A 2025 Nature Aging Burden-of-Proof meta-analysis [12], which applies a deliberately conservative
scoring method, rated the PM2.5 -, all-cause-dementia association only two stars ("weak and/or
inconsistent™) (minimum ~14% excess risk), while rating the PM2.5 - Alzheimer's-disease-specific
association three stars (significant) and finding no significant association with vascular dementia.

Any per-10-ug/m? figure quoted from these is an assumption-dependent extrapolation (linear,
no-threshold) of per-5 or per-2 estimates, not a directly pooled value, and should be read as illustrative
only. The honest summary: the direction is positive and, on the largest pooling, statistically
significant; the magnitude and consistency are moderate and partly method-dependent (notably on
how dementia cases are ascertained).

| Study | Design / population | Exposure metric | Reported association | |---|---]---|---| | Cacciottolo 2017 [1] |
WHIMS cohort, ~3,600 older US women | Above vs. below US standard (>12 pg/ms, 3-yr avg) | ~92%
higher dementia risk; stronger in APOE €4/4 | | Shi 2020 [2] | Medicare, contiguous US, ages =65 |
Long-term annual PM2.5 | Higher hazard of first dementia hospitalization; effects below standards | |
Grande 2020 [3] | SNAC-K, ~2,927 Stockholm =60 | Modeled PM2.5, low absolute levels | Associated with
dementia; largely mediated by CVD | | Chen 2017 [4] | Ontario, ~2.2M adults 55-85 | Residential proximity
to major roads | HR = 1.07 at <50 m; distance gradient | | 2025 Lancet PH [5] | Meta-analysis, 21 studies,
~24M | Long-term PM2.5 | Pooled HR 1.08 per 5 pg/m? (95% CI 1.02-1.14) | | Wilker 2023 [9] |
Meta-analysis, 14 PM2.5 studies, >16M | Long-term PM2.5 | Overall null (HR 1.04, 0.99-1.09); positive
only in active-ascertainment subset | | Nature Aging BoP 2025 [12] | Burden-of-Proof meta, 28 cohorts |
Long-term PM2.5 | Dementia 20 ("weak/inconsistent"); Alzheimer's 3[; vascular n.s. |



The PM2.5-dementia evidence is positive in direction but heterogeneous in design

Source: §4 evidence table; Cls from Lancet PH 2025 [5] and Wilker 2023 [9]

Pooled meta-analyses — hazard ratio (note the differing per-pg increments; the HR=1.0 null line is comparable, the
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Single-cohort estimates — different exposure contrasts, no Cl reported (NOT on the same scale as the pooled HRs or each
other)

WHIMS (Cacciottolo 2017)

= 92% higher dementia risk (HR = 1.92)

dichotomized: residing above vs. below the US standard (3-yr avg >12 pg/m3); stronger in
APOE €4/4

no Cl reported

Ontario (Chen 2017)

= 7% higher dementia incidence (HR = 1.07)

residential proximity: living within 50 m of a major road (composite traffic exposure, not
PM2.5 concentration)

no Cl reported

Other syntheses — reported qualitatively or as a rating, not as a plottable hazard ratio

US Medicare (Shi 2020)
Significant positive association; detectable below current standards
no single per-ug point estimate carried into the report

SNAC-K (Grande 2020)
Associated with dementia at low absolute levels; largely mediated by cardiovascular disease
central finding is CVD mediation, not a magnitude

Burden-of-Proof (Nature Aging 2025)
Dementia 0 ("weak / inconsistent") - Alzheimer's OO0 - vascular: not significant
deliberately conservative scoring method; star rating, not a hazard ratio

Dementia: * * i\( Alzheimer's: * * *

HR = 1.0 means no association. A 95% ClI that crosses 1.0 is not statistically significant.

Estimates are grouped by exposure metric because they are NOT directly comparable: pooled hazard ratios use different per-ug
increments, single-cohort estimates use different exposure contrasts, and one synthesis reports a star rating rather than a hazard
ratio. Confidence intervals are shown only for the two studies that report them. Source: 84 evidence table; Cls from Lancet PH 2025
[5] and Wilker 2023 [9].

What is consistent: a dose-response gradient; biological plausibility from animal models; a temporal
sequence in which exposure precedes diagnosis by years; geographic coherence across the North
American and European cohorts reviewed here (no Asian cohort is cited, and the most recent 2024-25
cohorts post-date the meta-analyses relied on); and stronger associations in some APOE €4 subgroups.
What is contested is treated in §7-8.

5. Biological mechanisms



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

Neuroinflammation. PM exposure can activate microglia and inflammatory cascades —
Toll-like-receptor-4 — MyD88 — NF-kB signaling, NLRP3-inflammasome activation generating IL-1f3, and
complement-mediated synaptic pruning. In APP/PSL1 transgenic mice, particulate-matter exposure has
been shown to exacerbate amyloid- plaque deposition and gliosis, with elevated GFAP, Ibal, and
CD68 markers (Sahu et al., 2021 [7] — a single APP/PS1 study, not independently replicated at this level
of detail, so it should be read as a supporting data point, not a settled result). Neuroinflammation is among
the more developed of the candidate mechanisms and dovetails with the cardiovascular-mediation finding
in SNAC-K [3].

Oxidative stress. Transition metals carried by PM (iron, copper, manganese) can catalyze
reactive-oxygen-species generation via Fenton/Haber-Weiss chemistry; downstream consequences in
models include mitochondrial dysfunction, lipid peroxidation, and DNA damage.

Blood—brain-barrier disruption. In animal models, chronic exposure is associated with downregulation of
tight-junction proteins (claudin-5, occludin), pericyte dysfunction, and increased barrier permeability —
which would, in principle, admit both particles and peripheral inflammatory mediators.

Direct translocation. A fraction of ultrafine particles may reach the brain without crossing the systemic
circulation. Controlled rodent inhalation studies demonstrated translocation of inhaled ultrafine
particles to the brain via the olfactory route (Oberdérster et al., 2004 [10]). Consistent with a
particle-deposition pathway, combustion-derived magnetite nanoparticles have been identified in
human brain tissue (Maher et al., 2016 [11]), morphologically distinct from biologically-formed magnetite
and consistent with an external, pollution-derived origin. These findings establish a plausible physical route
but do not by themselves establish that such particles cause disease.

Proteinopathy. Animal evidence suggests PM exposure can accelerate amyloid-f3 aggregation and tau
hyperphosphorylation and impair clearance (e.g., via glymphatic/vascular routes) — coherent with the
WHIMS mouse data [1] and the APP/PS1 findings [7].

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



Candidate mechanistic pathway (most direct evidence is animal / in-vitro; human mechanistic data
remain limited)

I PM2.5 exposure ]
v

I Systemic circulation + olfactory translocation of ultrafine particles ]
v

I Neuroinflammation - oxidative stress - blood—brain-barrier disruption ]
A4

I Accelerated amyloid-f3 / tau pathology + impaired clearance ]
A4

I Increased Alzheimer's / dementia risk ]

Modifier — APOE €4 (and possibly TREM2 / complement variants) may modulate the response

. animal / in-vitro evidence . human tissue / physical route shown . coherent hypothesis, limited human data

A concept schematic of the pathways in 85, color-coded by the strongest evidence class behind each step. No quantities are implied.
Source: 85 (Biological mechanisms) of the full report.

6. Particulate vectors beyond ambient PM2.5 (brief, in-scope extension)

Two adjacent particle questions bear directly on the PM2.5 story without being part of it. First, the ultrafine
fraction (<100 nm) is mechanistically distinct from the broader PM2.5 mass: it has greater surface area
per unit mass, higher metal/organic loading, and the olfactory translocation route demonstrated by
Oberdorster [10] and physically corroborated by Maher's magnetite findings [11]. Much epidemiology
measures PM2.5 mass and therefore under-resolves the ultrafine contribution. Second, microplastics
have emerged as a candidate particle vector to the brain, raising a structurally parallel question (a
non-biological particle crossing biological barriers and provoking inflammation). That literature is early and
is the subject of a separate Holistic Quality research artifact; it is noted here only to mark the
boundary, not absorbed into the PM2.5 evidence base. Conflating particle classes would weaken, not
strengthen, the causal argument for any one of them.

7. Association versus causation

This is the analytical crux, and it warrants 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 that observational association alone cannot establish.



Bradford Hill appraisal. Temporality holds (exposure precedes diagnosis by years to decades).
Consistency is partial (positive and significant on the largest pooling, but null in the Wilker overall estimate
— concentrated in active-ascertainment studies). Dose-response is suggested by the per-increment
meta-analytic estimates and the low-concentration findings of Shi [2] and Grande [3]; note Chen's gradient
[4] is by road proximity (a composite exposure), not by PM2.5 concentration, so it is weaker
concentration—response evidence than it first appears. Biological plausibility and coherence hold (the
mechanisms in 85 align with the cardiovascular findings in §3). Experimental support exists in animals [1,7]
but human trials are ethically impossible. Against a confident causal claim: specificity is weak (PM is
associated with many organs and outcomes, not dementia uniquely), and the strength of association is
moderate (hazard ratios typically 1.05-1.5), not large. On balance, the evidence supports causation as
plausible but not proven.

Bradford Hill appraisal of the PM2.5—-Alzheimer's evidence

Source: §7, full report — Association versus causation

Temporality Exposure precedes diagnosis by years to decades.

c ist Positive and significant on the largest pooling, but null in the Wilker overall
onsistency estimate — concentrated in active-ascertainment studies.

Suggested by per-increment meta estimates and low-concentration Shi/Grande

findings; Chen's gradient is road proximity (composite), so weaker

concentration—response evidence than it first appears.

Dose-response

Biological plausibility Candidate mechanisms (85) are coherent and supported by animal/in-vitro work.

Coherence Mechanistic picture coheres with the cardiovascular-mediation finding in SNAC-K.

. Animal support exists [1,7], but human randomized trials are ethically
Experimental

impossible.
Specificity PM is associated with many organs and outcomes, not dementia uniquely.
Strength Moderate (hazard ratios typically 1.05-1.5), not large.

OO RO ®& &

@ met D partial ® weak

Bottom line: On balance, the evidence supports causation as plausible but not proven.

Each consideration marked met (O0), partial (m), or weak (0). Source: 87 of the full report (Association versus causation). The mixed
verdict — not a clean sweep — is the point: the evidence supports causation as plausible but not proven.

Principal threats to a causal interpretation. (1) Unmeasured confounding, especially by socioeconomic
position, which is associated with both higher pollution exposure and higher dementia risk through
education, healthcare access, and chronic stress. (2) Exposure misclassification — outdoor ambient
monitors as a proxy for personal exposure, given ~87% of time indoors [6]. (3) Survivor bias — healthier
individuals survive to the age of dementia onset. (4) Detection/surveillance bias. (5) Reverse causation —
preclinical disease may alter mobility and therefore exposure. Each cited cohort carries a study-specific
version: WHIMS is restricted to older women [1]; the Medicare cohort lacks individual smoking data [2]; the
Ontario road-proximity design cannot fully separate traffic noise from traffic PM [4]; SNAC-K's mediation
analysis is itself model-dependent [3].



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, exploiting regulation as quasi-random exposure
variation.

2 Personal exposure monitoring with wearable PM2.5/ultrafine sensors, coupled with repeated blood-based
Alzheimer's biomarkers (plasma p-tau217, GFAP, neurofilament light) — directly attacking the
exposure-misclassification and human-mechanism gaps at once.

3 Mendelian randomization, with explicit caveats about pleiotropy.

4 Target-trial emulation on high-quality cohort data with careful confounder control and negative-control outcomes.

8. Evidence gaps

« Personal vs. ambient exposure — few studies measure what individuals actually breathe.

« Human mechanistic data — pathway evidence is largely animal/in-vitro; biomarker-linked human
mechanism studies are scarce.

« PM speciation — which components (metals, organics, black carbon, ultrafines) carry the risk is
unresolved.

e Critical windows — whether midlife exposure matters more than late-life is unclear.
e« Gene-environment interaction beyond APOE is underexplored.

« Low-dose/threshold behavior — the shape of the dose-response at very low concentrations, and
whether any safe threshold exists, is unsettled (and the Medicare below-standard findings [2] suggest
risk may extend below current limits).

(]

. 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 Apolicy-shock analysis exploiting air-quality regulation changes as quasi-random exposure variation.
3 Agene-environment study 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 (neuroinflammation,
BBB models).

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

10. Risk, equity, and policy relevance

Stated factually and without advocacy: pollution exposure is not evenly distributed, and the populations
bearing the highest PM2.5 burdens frequently overlap with those facing other dementia risk factors (lower
socioeconomic position, reduced healthcare access). This co-distribution is also precisely what makes the
confounding problem in §7 hard — disentangling pollution's contribution from correlated disadvantage is
both a scientific and an equity question. From a policy standpoint, the evidence is sufficient to treat air
pollution as a plausible, modifiable contributor to dementia risk — which is the posture the 2020 Lancet



Commission adopted in adding it to its modifiable-risk-factor model [8] — while remaining insufficient to
support strong causal or quantitative attribution claims. The finding that associations persist below current
standards [2] is relevant to any future review of exposure limits — but it carries a specific caveat that
matters precisely because of its policy weight: the Medicare design lacks individual-level smoking and
socioeconomic data and assigns exposure at the ZIP-code level, so residual confounding cannot be
excluded, and the claim warrants replication with personal-exposure designs before it could responsibly
inform a specific regulatory threshold. This report takes no position beyond what the cited evidence
supports.
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estimates are reported with their study context and are not directly comparable across differing exposure
metrics.
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