
Investigating the Potential Impact of Air Pollution on Alzheimer’s
Disease and the Utility of Multidimensional Imaging for Early
Detection
Ankul Singh S, Mohd Nazam Ansari, Gehan M. Elossaily, Chitra Vellapandian,*
and Bhupendra Prajapati*

Cite This: ACS Omega 2024, 9, 8615−8631 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Pollution is ubiquitous, and much of it is
anthropogenic in nature, which is a severe risk factor not only for
respiratory infections or asthma sufferers but also for Alzheimer’s
disease, which has received a lot of attention recently. This Review
aims to investigate the primary environmental risk factors and their
profound impact on Alzheimer’s disease. It underscores the pivotal
role of multidimensional imaging in early disease identification and
prevention. Conducting a comprehensive review, we delved into a
plethora of literature sources available through esteemed databases,
including Science Direct, Google Scholar, Scopus, Cochrane, and
PubMed. Our search strategy incorporated keywords such as
“Alzheimer Disease”, “Alzheimer’s”, “Dementia”, “Oxidative Stress”,
and “Phytotherapy” in conjunction with “Criteria Pollutants”,
“Imaging”, “Pathology”, and “Particulate Matter”. Alzheimer’s disease is not only a result of complex biological factors but is
exacerbated by the infiltration of airborne particles and gases that surreptitiously breach the nasal defenses to traverse the brain, akin
to a Trojan horse. Various imaging modalities and noninvasive techniques have been harnessed to identify disease progression in its
incipient stages. However, each imaging approach possesses inherent limitations, prompting exploration of a unified technique under
a single umbrella. Multidimensional imaging stands as the linchpin for detecting and forestalling the relentless march of Alzheimer’s
disease. Given the intricate etiology of the condition, identifying a prospective candidate for Alzheimer’s disease may take decades,
rendering the development of a multimodal imaging technique an imperative. This research underscores the pressing need to
recognize the chronic ramifications of invisible particulate matter and to advance our understanding of the insidious environmental
factors that contribute to Alzheimer’s disease.

■ INTRODUCTION
Air pollution has been a matter of concern for decades. The
environment is not as clean as it used to be in ancient times.
Various diseases like ischemeic heart disease, chronic
obstructive pulmonary disease, lung cancer, and acute lower
respiratory infections in children are linked with air pollution,
and Alzheimer’s disease is also one among them.1 Air pollution
is a complicated mixture comprising carbon monoxide,
particulate matter, lead, nitrogen dioxide, ozone, sulfur dioxide,
and so on. Most significantly, the fine particulate matter with
≥2.5 μm diameter (PM2.5) is now considered as one of the
most harmful factors affecting health.2 According to a World
Health Organization (WHO) analysis, in 2016 around 4.2
million people suffered from air pollution contributing to short
lifespan, mostly due to PM2.5.3 According to the air quality
database, 98.0% cities in both low- and middle-income
countries do not comply with air quality standards imposed
by WHO. Yet, the percentage of those in high-income

countries has declined to 56.0%.4 Hazardous pollutants
including benzene, formaldehyde, polycyclic aromatic hydro-
carbons, toluene, tri- and tetrachloroethylene, volatile organic
compounds, and metals such as arsenic, cadmium, cobalt, iron,
lead, manganese, and mercury should also be monitored
promptly owing to their effects.5

In contrast to other PM, ultrafine particulate matter can
directly permeate without the assistance of other metals, enter
the brain via the olfactory nerves, and enter the central nervous
system (CNS) through systemic uptake, eventually causing
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inflammation and damage from oxidative stress.6−8 The main
exposure to air pollution for the urban population is mainly
due to traffic-related dust on roads, and exposure is found to be
highest near busy roads.9 Human daily activities affect the air
quality and lead to damage of surroundings and imbalances in
the ecosystem.10 According to the Global Burden of Diseases,
the contaminated air itself accounts for roughly 80.0% of
deaths, with rates in Southeast Asian and Western-Pacific
nations being the highest.11 The highest risk of PM exposure is
also found in 18 out of 122 Indian cities for household
particulate matter, which were found not to comply with
WHO guidelines.12

Alzheimer’s disease (AD) causes a decline in cognitive
function in children, while neuropathological AD is seen in
infants whose incidence and prevalence increase with age.13−16

The risk of Alzheimer’s is due to several genetic factors such as
age, apolipoprotein E (APOE) 34 alleles, metabolism, and
nongenetic factors such as education, environmental factors,
oxidative stress, lifestyle modifications, and sex.17−21 The
importance in identifying the epidemiology and discovery of
Alzheimer’s lies in specific changes of pathology like senile
plaques and neurofibrillary tangles.22 Air pollution affecting
CNS-related Alzheimer’s is reported from various clinical,
epidemiological, experimental, and observational studies.23

Alzheimer’s risk is early life exposure, which is suggested by
the Latent Early-Life Associated Regulation Model, besides the
two-hit theory, which includes both environmental and genetic
risk factors24,25

Nevertheless, attention is kept toward environmental risk
factors besides neurotoxins and their interaction with APOE
alleles,26,27 preferably in females compared to men due to the
potentially increased Alzheimer’s risk for E4 alleles; moreover,
women also incur cardiopulmonary and neurological con-
sequences from PM exposure.28 However, it was also
noteworthy that good air quality was observed during
lockdown periods, and AQI data statistics after lockdown
showed unhealthy air quality levels for the public to breathe,
which is due to traffic related air pollution exposure.29

Multiplexing in AD diagnosis involves simultaneously detect-
ing multiple biomarkers to achieve early and precise
identification of the disease, improving diagnostic accuracy
and allowing for timely intervention. By analyzing a
combination of biomarkers, patterns or signatures specific to
the disease can be identified. These patterns can enhance the
accuracy of diagnosis, as they consider multiple factors rather
than relying on a single biomarker.30 Multiplexing can reduce
the risk of false positives and false negatives. By cross-
referencing multiple biomarkers, the diagnostic criteria become
more robust, decreasing the likelihood of misdiagnosis.31 The
aim of the current Review is to identify the major risk factors
involved in the environment and its impact in Alzheimer’s
disease. It also focuses on the need to identify multidimen-
sional imaging for early detection and prevention of disease
progression.

■ CRITERIA AIR POLLUTANTS AND ALZHEIMER’S
RISK MECHANISM: UNDERSTANDING THE LINK

The environmental pollution poses several risks to both health
and the environment. Various criteria air pollutants, their risk
levels, and their mechanism are explained clearly in Table 1
Greater exposure to PM2.5, PM10, and NO2 to various
degrees has been highly related with declines in cognitive
function, executive function, memory, and language,32 while a

sufficient mechanism needs to be addressed. PM is mutagenic
and can cause oxidative damage, activate inflammatory signal
cascades, and trigger cell death.33−35 PM2.5 is known to
induce cytokine-dependent autophagy pathways, toll-like
receptors, the Janus kinase-signal transducer pathway, and
the cyclooxygenase 2 pathway.36 It is also evidenced that,
owing to the differences in men’s and women’s neural
structures, women may be more at risk than men for decreased
cognition linked to increased exposure to PM10 and PM2.5.37

Generally, PM2.5 is associated with amyloid-β (Aβ) and α-
synuclein aggregation38,39 due to neuroinflammatory signals
and oxidative stress including iNos and TNF- α,40 which
ultimately disrupts lipid peroxidase and GFAP levels leading to
the destruction of hippocampal cells (Figure 2). Oxidative
stress also leads to peripheral systemic inflammation-related
neuronal injury via olfactory neurons, including oxidative
stress-associated neurotoxicity and metabolic dysfunction.41

Environmental exposure and traffic-related exposure in
children and the adult population have been found to modify
DNA methylation essential for maintaining genomic integrity
and regulating gene function.42−45 Air pollutants target both
the respiratory tract and brain through the olfactory axis,
leading to microglial activation and the action of cytotoxic
molecules in neuroinflammation and cell death.46 In fact,
studies on animals using diesel exhaust with high levels of
ultrafine particles have demonstrated that oxidative stress,
protein misfolding, and plaques all contribute to the link
between black carbon (pollutant and PM) and Alzheimer’s
disease.47−49 It is believed that the gas, particles, or material
desorbed from the particle surface act to trigger inflammatory
reactions, microglial activation, the generation of reactive
oxygen species, and enhanced production and deposition of Aβ
peptides when inhaled through the respiratory tract.50 Air
pollution has the potential to significantly affect the dementia
risk globally for every 2 μg/m3 increase in the average annual
PM2.5 concentration.51 Additionally, studies have demon-
strated that the important Alzheimer’s risk gene APOE4
interacts with airborne particles to hasten environmental risk
caused by persistent PM2 and brain aging. Older women with
two copies of the APOE4 gene had a 2−3× higher exposure
compared to older women without the gene.52 Therefore, after
subacute ultrafine particle exposure, overexpression of Abcb1,
which is crucial for brain protection by removing xenobiotics
and harmful metabolites, is required.53 As a crucial mediator,
cerebralspinal fluid (CSF) sTREM2 established a clear
connection between PM2.5 exposure and microglial dysfunc-

Figure 1. Exploring Alzheimer’s disease risk factors: a blend of
genetics and environment.
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tion by controlling the effects of PM2.5 exposure on AD
amyloid pathology. By focusing on sTREM2, researchers hope
to lessen the burden of amyloid buildup, delay the beginning of
AD, and halt the spread of the disease.54

Significant progress has been made in understanding
complex disease mechanisms and exploring multidimensional
approaches for imaging and treatment. One study utilized a
multimodal approach, using deep learning to combine imaging,
electronic health records (EHR), and genomic single
nucleotide polymorphism data (stacked denoising autoen-
coders), to predict Alzheimer’s disease stages and successfully
classify patients into control, mild cognitive impairment, and
Alzheimer’s disease groups, surpassing single-modality deep
learning models.55 Researchers have given us insights into a
statistical model (two components: one that looks at how
biomarkers and cognitive tests change together and another
that predicts clinical outcomes) that tracks how biomarkers
and cognitive tests change over time in Alzheimer’s disease.
The part that tracks changes uses equations to follow how an
individual’s biomarkers and cognitive tests change.56 When
selecting a method for picking out important features, it is
essential to choose the one that suits the classification task
best. For instance, when comparing Alzheimer’s disease to
healthy controls, SMML is a better choice than HGM-FS for
achieving higher accuracy.57

■ UNRAVELING THE HISTORICAL JOURNEY OF
ALZHEIMER’S DISEASE

Alois Alzheimer described the symptoms of pre-senile
dementia over a century ago, which led to the disease bearing
his name, but until date there is no such disease-modifying
agent that has been discovered or preventive medicine that has
been brought in for this stealthy disease.70 The Latin word
“dementia” indicates the situation happening outside the mind.
Aging was found to be a factor for developing atherosclerosis
in the early 20th century and later was linked in the process of
developing dementia as a result of the major blood supply to
the brain.71 During the evolution from 19th −20th century,
neurosyphilis was considered to be the main form of dementia
due to its tremendous prevalence before the antibiotic era.72 AT
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Figure 2. Connecting the dots: mechanisms linking air pollution and
neurodegenerative disease.
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study states that, “Dementia is a complete forgetting of
preceding state, biased judgement, reciprocated act of
exaggeration, simultaneous alteration of ideas”.73 It seemed,
however, that chronic dementia causation was still misleading
and was linked with stress, alcohol, masturbation, and
exorbitant study.74 The modern concept of dementia
constitutes the tripod changes, viz., behavioral changes,
cognitive changes, and deterioration of daily activities.75 The
proper diagnosis of AD is still 65.0−90.0% accurate despite the
advancement in technologies related to the disease, and only
autopsy can be preferred as a definitive diagnosis.76 In such
situation there is an urgent need to develop biomarkers for
Alzheimer’s diagnosis.77

■ NEUROPATHOLOGY OF ALZHEIMER’S DISEASE:
UNRAVELING THE BRAIN’S CHANGES

Alzheimer’s disease is classified into two types, familial (genetic
factors) or sporadic, which accounts for 95.0% of all cases, and
its risk gets doubled for every five years after the age of 65 at
high risk.78 The former type is known as early onset
Alzheimer’s disease (EOAD) at ages above 65, representing
only about 2.0% targeting on presenilin 1 and 2 with APP, and
the other type is known as late-onset Alzheimer’s disease
(LOAD) involving the APOE4 allele. The most common cause
of dementia is Alzheimer’s, which is not understood well and is
determined as a protein misfolding disease, i.e., proteopathy
owing to abnormal Aβ folded plaques.79 The monomers of
amyloid-β are soluble and comprised of a large α-helical
structure in contrast to a short region of β-sheets and
polyproline 2 helix in solution.80,81 However, at high
concentrations it undergoes several changes in conformation
to form a β-sheet (tertiary structure) that further undergoes
aggregation, leading to the formation of amyloid fibrils,82 and
dense extracellular deposition in neurons, leading to senile
plaques or neuritic plaques. In a macroscopic level, Alzheimer’s
disease is caused by atropy of various affected regions
comprised of the cingulate gyrus, frontal lobe, parietal lobe,
and temporal lobe.83 Macroscopic views of both Aβ plaques

and neurofibrill tau tangles are clearly visible in the brains of
Alzheimer’s disease patients, where the former are dense
deposits of protein that is mostly soluble in nature and cellular
material located outside the brain and the latter is twisting of
fibers within the neuronal cell, which is also insoluble in
nature.84,85

Amyloid-β (Aβ) Pathology: Building Blocks of
Alzheimer’s Brain Changes. Evidence suggests the accu-
mulation of β-plaques and conformation change leading to a β-
sheet structure are central in the pathogenesis of Alzheimer’s
disease.86 The schematic diagram of the APP processing
pathway is illustrated for better understanding (Figure 3).
Though dominantly inherited Alzheimer’s disease (DIAD)
causes memory loss and dementia in less than 1.0% individuals
where people are affected in their thirties to fifties rarely, the
mutation is most probably in three different genes individually,
viz., APP, PSEN1, and PSEN2, which is more evident.87 The
higher aggregation property of Aβ lies in the residue that ends
in 42 in contrast to the residue ending in 40, which is less
prone to aggregation.88 Several studies suggest that antagonist
effect of Aβ40 on Aβ42 could be a more relevant biomarker in
the pathology by having the antagonist effect on Aβ42 and
decreasing its capacity to aggregate, thereby leading to an
increase in Aβ42 levels or the Aβ42/Aβ40 ratio as the
biomarker of pathology.89 Nonetheless, Aβ-derived fragments
that are generated by γ-secretase, which is distinct from
amyloid-β, could have been noticed to a lesser extent where
membrane tethering of the C99 fragment or βCTF production
along with AICD could also contribute to various pathological
dysfunctions.90−92 Recent findings bring us to the point that
the η -cleavage site is novel and thus leads to the rise of a
subset of various new fragments, viz., A-ηα, A-ηβ, and η-CTF,
with the help of enzyme MT5-MMP, i.e., matrix metal-
loproteinase on βAPP.93−95 With enormous amount of
information on Aβ40 and Aβ42, C terminal end truncated
peptides of Aβ have not received the spotlight and are to be
considered in pathology, where Aβ37, Aβ38, and Aβ39 have
been identified in plasma and CSF of Alzheimer patients. Aβ38

Figure 3. Schematic diagram of the APP processing pathway, where the upper portion represents the N terminal end and the lower portion
represents the C terminal end. The amyloidogenic pathway to the left involves BACE1 inhibitors, i.e., β-secretase cleaves APP in the N terminus
domain, thereby producing sAPPβ, and the β-CTF-99 fragment later produces amyloid intracellular domain (AICD) by cleavage with γ-secretase
(multiunit complex of PS1,2, APHI, and nicatrin) and soluble amyloid-β plaques Aβ40 and Aβ42. The non-amyloidogenic pathway to the right
involving α-secretase i.e., ADAM10 (A Disintegrin and Metalloprotease 10) cleaves APP within the Aβ domain, leading to sAPPα and the αCTF-
83 fragment, which is further cleaved by γ-secretase leading to P3 and AICD fragments. sAPPβ = soluble fragment amyloid-β peptide.
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was in fact found to be the second most prominent of Aβ form
after Aβ40 in terms of quantity.96
APOE Gene and Alzheimer’s Disease: Linking the

Genetic Connection. The APOE protein (299 amino acids)
of the fat-binding family of proteins is mainly involved in the
metabolism of fat and is insinuated in Alzheimer’s and cardiac
disorders. It has three isoforms in humans differing in 1 or 2
amino acids, viz., APOE 2−4 forms, with changes in Cys112,
Cys158, Arg112, and Arg158 compositions. The prevalence for
each allele is in the order 7.0%, 78.0%, and 15.0%, wherein the
APOE3 isoform of the allele is more dominant and involved in
the disease in Americans of European descent.97 However,
population studies suggest that the risk of developing
Alzheimer’s disease is increased in the APOE4 isoform and
is also accompanied by early onset of Alzheimer’s disease at an
earlier age, which most likely accounts for 50.0% of sporadic
AD.98,99 On the contrary, the APOE2 isoform allele decreases
the associated risk for developing Alzheimer’s disease.100,101

Nonetheless, there is evidence showing that ApoE knock-down
mice demonstrates its role in Aβ clearance from the central
nervous system to plasma, which is further inhibited depending
on the isoform of allele as ApoE4 > ApoE3 or ApoE2.102

Tau Protein: The Crucial Player in Alzheimer’s
Pathology. Alzheimer’s disease is linked with increases in
the level of both total tau and phosphorylated tau in both the
brains and CSF, where the former includes all isoforms of tau
regardless of phosphorylation and the latter includes tau with
phosphorylation at 181 or 231 residues.103 The analogy of tau
pathology is the case for both healthy and diseased neurons
(Figure 4). Therefore, the focus is to know the mechanism of
tau formation due to either increased tau formation or
aggregated tau as a result of impaired clearance, which is not
fully understood. Knowing about half-life of tau in the CNS
and the kinetics alteration profile and quantifying the ability of
drugs to modulate tau have not been addressed so far. It is
briefly seen that exhausted propyl isomerase protein belonging
to the parvulin family expedites the accumulation of abnormal
tau proteins.104,105 Neurofibrillary tau tangles (NFTs) appear
first in the transentorhinal region and the entorhinal cortex, are
superseded by CA1 of the hippocampal region, and spread

through limbic structures like the subiculum of the hippo-
campal formation and the amygdala. Finally, the whole cortex
becomes affected by NFTs, resulting in an impairment of
associative, sensory, and motor functions.106 Furthermore, tau
is a major microtubule-associated protein (MAP) since it
accounts for approximately 80% of total MAPs.107 Tau
phosphorylation is enhanced prior to its dissociation from
microtubules, thereby favoring the aggregation of tau and the
formation of paired helical filaments due to impairment of
axon transport and synapse function and ultimately to
neurotoxicity.108−110

Hyperphosphorylation of tau tangles intracellularly occurs
due to the imbalance between neuronal kinase (cyclin-
dependent kinase 5) and phosphatase activities (glycogen
synthase kinase 3β).111 Though total tau concentration,
despite its phosphorylated state, is a nonspecific biomarker
in neurodegeneration, it was found that phosphorylated tau at
181 (threonine), pTau199, and pTau231 was found to be a
specific hallmark of AD.112−114 The presence of tau tangles
comprising dense fibrils in the perinuclear cytoplasm, Meynert,
and locus coeruleus is constituted to be one of the hallmarks of
Alzheimer’s disease upon degeneration of the brainstem, i.e.,
noradrenaline producing nucleus in the brain.115 Various
evidence also suggests that deaminated catecholamine-derived
metabolites 3,4-dihydroxyphenylactaldehyde (DOPAL) and
3,4-dihydroxyphenylglycolaldehyde (DOPEGAL) are neuro-
toxic which might also be responsible for cellular and neuronal
death by several cytotoxic mechanisms besides free radical
generation and apoptosis.116,117

The Cholinergic Hypothesis: Extending the Role of
Neurotransmitters in Alzheimer’s. The acetylcholinetrans-
ferrase enzyme breaks down acetylcholine and depletes further,
leading to several complications. Many drugs have only
ameliorated the symptoms rather than reversing or preventing
the disease, indicating that damage of brain tissue is
widespread and thus cell replacement therapy is impractical
in treatment.118

Oxidative Stress and Mitochondrial Dysfunction in
Alzheimer’s Disease Pathology. The accumulation of Aβ
initiates a chain reaction of events, including oxidative stress,

Figure 4. Illustration of tau pathology.
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endoplasmic reticulum stress, mitochondrial dysfunction, and
neuronal apoptosis, ultimately resulting in cognitive impair-
ment.119 Research has shown that Aβ can harm the structure
and function of mitochondria, causing mitochondrial oxidative
stress and activating apoptotic pathways in both Alzheimer’s
disease cell lines and mouse models; this has been shown to be
ameliorated by luteolin.120−122 Antioxidants, including en-
zymes like SOD, GPX, CAT, and Trx, play a crucial role in
delaying or preventing cellular damage by protecting against
oxidative stress and thereby mitigating organelle dysfunc-
tion.123 Higher levels of free radicals and increased macro-
molecule oxidation, including mitochondrial DNA, are found
in Alzheimer’s disease, and these free radicals can boost the
activity of enzymes responsible for amyloid-β generation.124

Lately, there has been interest in how quercetin affects various
aspects of mitochondria, including biogenesis, respiration,
membrane potential, quality control, and ATP production.125

Research also indicates that PC12 cells exposed to 6-OHDA
show signs of mitochondrial problems like reduced mitochon-
drial content, increased oxidative stress, and a drop in
mitochondrial membrane potential that are alleviated when
treated with quercetin.126

■ EXPLORING ALZHEIMER’S WITH NEUROIMAGING
TECHNIQUES

Clinical diagnosis is done primarily based on the standard
cognitive and neuropsychological tests, with additional
diagnosis done by biomarkers, genetics, and neuroimaging
techniques, though definitive diagnosis can be done only upon
post-mortem. Double transgenic mice have higher advantage
compared to single transgenic mouse, wherein the former
displays more phenotype of AD with large amount of
deposited Aβ plaques.127 Two new models, viz., APPSwDI
and APPSw, developed on nitric oxide synthase 2 background
found that pathological expression in mice and that in humans
were similar in all processes initiating from Aβ deposition and
tau tangles along with neuronal death and behavioral
deficits.128 Magnetic resonance imaging techniques are utilized
to observe the pathology of the disease, and thus a high-
powered MRI machine (7T) is deployed for analyzing the rat
brain due to its small size instead of 1.5T or 3T, which are
usually used on the human brain with comparable
results.129,130

Structural MRI: Peering into Alzheimer’s Brain
Anatomy. The greatest challenge in utilizing MRI on a
mouse model lies in its high resolution and its requirement for
much less thickness in micrometers. Plaques found in the
thalamus region can be imaged faster with a low-resolution
sequence in contrast to plaques found in the cortical and
hippocampal regions.129 A tau transgenic model of wild-type
mice (rTg4510) was found to have severe atropy in the
neuronal cortex region and hippocampal region by looking at
its morphometry along with enlarged ventricles, concluding
that MRI is a useful tool in identifying pathology and
comparing the responses of treatment between humans and
mice.131 The MRI technique utilizes both spatial resolution
and superior soft tissue contrast that thus enables MRI
volumetry in detecting atropy of the brain region, which
represents the final stages of AD where irreversible damage and
clinical manifestations have already occurred.
Functional MRI (fMRI): Mapping Brain Activity in

Alzheimer’s Disease. Functional MRI is used to investigate
the functional integrity of the brain network in Alzheimer’s

disease. It helps with differentiating the disease and the state of
progression. Blood oxygenation level-dependent imaging is
utilized to visualize signal changes due to changes in blood
volume or flow, and positron emission tomography (PET) is
used to visualize glucose metabolism of brain cells to measure
synaptic activity. The study suggests that other networks might
enhance activity as a compensatory mechanism during the
failure of hippocampal region.132 Other magnetic resonance
techniques such as arterial spin labeling measures, diffusion
tensor imaging of cerebral blood flow, and PET tracers
targeted at the cholinergic system, microglial activation, and
other tracers in development will contribute to the under-
standing of the pathology in future. Entorhinal volumes and
hippocampal volume are lower by about 20−30% and around
15.0−25.0%, respectively, in patients with mild cognitive
individuals.133

PET Studies: Illuminating Alzheimer’s Disease
through Molecular Imaging. Techniques like micro-PET
scanners are found to be efficient in imaging an animal’s brain.
Other Aβ probes, 18F-FDG (fludeoxyglucose) and 18F-FDDNP
(2-(1-6-[(2-[F]fluoroethyl methylamino]-2-naphthyl ethyl-
idene) malononitrile)) were found to be very significant,
with less difference between Tg2576 mice and wild-type
mice.134 The most common and validated marker of amyloid-β
aggregation is 11C-Pittsburgh compound B having high affinity
for vascular fibrillary deposits of amyloid-β with lower affinity
toward amorphous amyloid, soluble Aβ, and intracellular
neurofibrillary tangles.135 Several other amyloid tracers include
[11C] AZD2184, [11C] SB-13, [18F] BAY94−9172, and [18F]
AmyvidTM, and tau targeting novel tracers including [18F]
T807 and [18F] THK523 were published. However, the
marginal capture of Aβ plaques by amyloid tracers in
transgenic mice during PET studies was overcome by
Pittsburgh compound B (PIB), which was synthesized with
highly specific radioactivity.136 Despite various biomarkers
available to measure Aβ accumulation, MRI-based atropy can
also be a better choice due to its noninvasiveness and lack of
ionizing radiation.137 The thalamus region and hippocampus
region reveal atropy in similar rates on Alzheimer’s patients.138

Biograph MMR: Advancing Alzheimer’s Imaging with
Cutting-Edge Technology. The beneficial effects of both
single-modality magnetic resonance and positron emission
tomography techniques in the assessment of Alzheimer’s
disease are established for a better understanding of the
pathology. A comprehensive diagnosis picture of function,
brain metabolism, and morphology can be assessed simulta-
neously, with just one scan itself showing data in virtually
seamless spatial alignment and thereby improving the quality
of image in brain patterns and in challenging body regions like
the abdomen.139

DTI and Fiber Tracking: Tracing the Brain’s Con-
nectivity in Alzheimer’s Disease. Diffusion tensor imaging
(DTI) estimates anisotropy, location, and orientation of the
white matter tracts of human brain and is efficient in
monitoring the disintegration of white matter and the loss of
myelin in the transgenic mouse model. It was observed in a
comparison of old platelet-derived growth factor promoter-
driving amyloid precursor protein (PDAPP) mice with old
wild type mice that the relative anisotropy was comparatively
lower and showed no significant changes between young
PDAPP mice and young wild-type mice; through this, damage
in myelin can be sorted out easily, which occurs mainly in late
progression after Aβ deposition.140 Based on the eigenvalues
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and eigenvector-combined Gaussian diffusion probability
model, fractional anisotropy is measured to show the direction
of water diffusion, mean diffusivity to measure magnitude, and
axial diffusivity to measure the rate of diffusion along the
principal axis, which indicates that whether the rate is fast or
slow depends upon orientation. The DTI measurements in
axons parallel over a white fiber tract exhibit slow diffusion
when compared to perpendicular measurement until axons are
twisted. The model also measures radial diffusivity to measur
the e rate of diffusion transversely.141 Though it has various
advantages, it has several limitations too in illustrating specific
pathological changes, as a decline in fractional anisotropy and
increase in mean diffusivity might establish demyelination or
axon loss.142

Non-Invasive Techniques: Unveiling Alzheimer’s In-
sights with Minimal Intrusiveness. Various neuroimaging
tools have been recommended for noninvasive monitoring of
Aβ load. Despite numerous advances in PET imaging of
Alzheimer’s disease, most radio ligands are not suitable for
quantification techniques due to their nonspecific binding/
unfavorable kinetics, low signal-to-noise ratio, and burden due
to radiation.143

Diffusion-Weighted MRI: Unraveling Microstructural
Changes in an Alzheimer’s Brain. Diffusion-weighted MRI
is a technique that establishes an exclusive method of
quantifying the diffusion of water in the brain, where the
microstructure of tissue is reflected where the diffusion in the
brain structure is hindered by the membranous structure.
Thus, it is an emerging technique for biomarker identification
that affects the CNS.144−147 Diffusion-weighted MRI tracks
anisotropic diffusion of water along axons, revealing micro-
structural white matter fibers connecting cortical and
subcortical regions. The major bundles in the brain region
can be reconstructed by whole brain tractography.148

Tractography (Fiber Tracking): Charting Neural Path-
ways in Alzheimer’s Disease. Nearly in the 40s, superficial
white matter tracts below the infragranular layer of the cerebral
cortex often myelinate, which could be more vulnerable to
Alzheimer’s disease.149 Superficial white matter tracts are
comprised of Crown fibers, Meynert U fibers, and merging
deep white matter fibrils.150 Due to the complex structure and
variability in different subjects of superficial white matter tracts,
there are limited studies involved in Alzheimer’s disease.
Tractography application with diffusion tensor MRI involves
reconstruction of white matter tracts by restricted diffusion of
water molecules together with myelinated axons.151 Tract
diffusion is detected as enhanced mean diffusivity for the
degree of diffusion, enhanced axial diffusivity with a large
eigenvalue, increased radial diffusivity with an average of two
small eigenvalues, or a decline in fractional anisotropy showing
the diffusion direction. Fibers can be followed across voxels by
fiber assignment by continuous tracking involving diffusion
tensor principal with eigenvectors in current propagation.152

Reginold hypothesized that decreased fractional anisotropy
and enhanced mean/axial/radial diffusivity could lead to
Alzheimer’s, where enhanced mean diffusivity represents
atrophy in tissue, enhanced axial diffusivity represents
Wallerian degeneration, and enhanced radial diffusivity
represents disruption of myelin.153,154

The novel biomarker in neuronal injury of Alzheimer’s
disease is assessed by tractography of temporal superficial
white matter.154 Tractography is, however, limited to several
complex areas of the brain due to its inability in resolving

crossing fibers within a voxel, which can also be overcome by
3D model of orientation distribution function, typically
referred as Q- ball imaging and diffusion spectrum imaging
(DSI) with higher angular diffusion imaging.155−157 For
diffusion spectrum imaging, multiple b values are required to
fill q-space with diffusion weighting, leading to long imaging
minutes, i.e., ≥30 min; this is not necessary for Q-ball imaging,
which requires only one strong b value, i.e., 3000 s/mm2, thus
making it clinically applicable. Even after having some
advantage with diffusion spectrum imaging, it has its own
demerit, as it has strong diffusion weighting and is thus unable
to provide clinically valuable diffusion parameters owing to the
dependent b value.158

Limitations: Constraints and Considerations.

1 Relative long image acquisition time to DTI with two
nonzero b values and 15 diffusion directions to estimate
diffusion and kurtosis tensor. However, 7−10 min of
imaging is suggested for reliable results

2 It has 21 independent parameters in contrast to DTI,
which has only 6 independent parameters

DKI: Expanding Insights with Advanced Diffusion
Imaging Beyond DTI. Diffusion kurtosis imaging estimates
kurtosis, i.e., Skewed distribution of diffusion, and is sensitive
to the Brownian motion of water, which helps in measuring
restricted/hindered movement of water molecules based on
their diffusivity in the brain. Due to the highly organized nature
of the white matter, the main diffusion orientation will coincide
with the orientation of the axons in tissue, thus enabling the
characterization of the orientation and integrity of white matter
fibers.159,160 DKI provides an estimate of both the Gaussian
diffusion distribution and the deviation of this Gaussian
distribution at higher b values. The latter makes diffusion
kurtosis a more sensitive technique than DTI for visualizing
microstructural changes.161 Several studies indicated the ability
of diffusion kurtosis to provide additional parameters like axial
kurtosis, fractional kurtosis anisotropy, mean kurtosis, and
radial kurtosis, which are much sensitive in detecting
developmental and changes in pathology of neural tissues in
comparison with conventional DTI.162−164

Several studies state that kurtosis parameters are good
probes for barriers and membranes that act by detecting
permeability changes.144,162 Thus, diffusion kurtosis�an
extension of DTI�acts as potential noninvasive biomarker
with several insights omtp cell physiology during pathology
and is useful in the investigation of abnormal tissues where
DTI is not very significant; it could also be useful in accurately
diagnosing the progression of disease.165 Diffusional kurtosis
imaging can overcome the limitations that have been brought
down by diffusion Tensor imaging by kurtosis (dimensionless)
estimation of water diffusion based on the probability
distribution function.166 Greater restriction is shown in tissue
with an increased kurtosis value, and a decreased kurtosis value
indicates neuronal loss.162 Kurtosis parameters have an
additional advantage compared with fractional anisotropy in
measuring water diffusion restriction in both isotropic and
anisotropic environments, whereas in fractional anisotropy it
involves only anisotropic environments.167

Magnetic Resonance Spectroscopy: Probing Molec-
ular Clues in Alzheimer’s Pathophysiology. Magnetic
resonance spectroscopy is helpful for identifying Alzheimer
patients before the onset of clinical symptoms as well as for
distinguishing Alzheimer’s disease from other neurodegener-
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ative disorders, making it powerful in the differentiation of
neurological disorders. It also performs regional measurement
of various metabolites of the brain including choline, creatine,
myo-Inositol, and N-acetyl aspartate; creatine is used as an
internal reference to control for variability in measurement, as
it remains unaltered in Alzheimer’s disease.168−170

Revolutionizing Alzheimer’s Disease Diagnosis with
NIRF Imaging. Despite previous challenges, the use of near-
infrared fluorescence (NIRF) in monitoring Alzheimer’s
disease (AD) therapy has gained attention. Researchers have
explored its potential in this context and found that the
fluorescence signal in the group treated with CRANAD-17, a
curcumin analogue capable of detecting both soluble and
insoluble Aβ species, was notably reduced compared to the
control group.171,172 Hence, there is considerable interest in
creating NIRF probes due to their simple production,
nonintrusive characteristics, cost-effectiveness, extended shelf
life, minimal interference from background fluorescence, and
deep tissue penetration, all of which position them as
promising options for diagnosing and imaging toxic Aβ
aggregates.173,174

■ AIR POLLUTION AND DEMENTIA: UNRAVELING
THE CONNECTION

Air pollution exposure with fine PM is thought to provoke the
risk of Alzheimer’s and dementia in addition to hypertension,
oxidative stress, hyperlipidemia, resistance toward insulin,
inflammation, and stroke.175 The fractions of ultrafine PM
enter the circulatory system rapidly after entering in the body
through an inhalational route and penetrate via the alveolar
capillary barrier in lungs, thereby affecting the vascular system
directly. The penetration of particles depends on various
factors such as the size of the particle, the composition of the
chemical, charge, and the susceptibility to generate aggre-
gates.50 The ability of PM2.5 and nanoparticles to penetrate
lung and brain barriers depends on a large surface to volume
ratio, which explains how particulate matter can enter neuronal
cells and erythrocytes based on their size.176,177 The average
annual mass concentrations of PM2.5 and PM10 in China
were found to be 35 and 70 μg/m3 previously in 2012 but
showed 38.9% and 8.8% deviation for PM2.5 with 21.6% and
6.2% for PM10 in 2015 and 2018, respectively.178 The three
factors govern the deposition behavior such as deposition site,
particle size, surface characteristics, and Brownian motion.
Thus, these nanoparticles behave like molecules that are
deposited in the upper respiratory tract and move toward
olfactory mucosa, causing various biological and toxic
effects.179 Uptake of pollutants via a nasal route is due to
weakening of the mucosal barrier leading to enhanced
neuropathology by inducing systemic inflammation in an
inclined way from olfactory mucosa to the olfactory bulb and
then toward the frontal cortex.180 It is clear to see that
olfactory impairment, implying exposure linked to breathing, is
a prevalent trait in neurodegenerative diseases.181 It is believed
that in USA at least 146 million people live in low air quality
standards for each criteria air pollutant, mostly ozone, PM, or
both.182 The elderly are at higher risk of dementia because
physiological functions decrease gradually over time as age
increases and their ability to expel PM or toxic substances once
inhaled decreases.183,184 Various animal studies and exper-
imental data suggest that PM inhalation leads to enhanced
ROS and inflammatory responses in the brain, leading to
precipitating (Aβ) peptides, breaching of the BBB, and

activation of microglial cells.185,186 A study also stated that
Aβ accumulation occurs more in astrocytes and neuronal cells
of people residing in high air pollution areas than people in low
air pollution areas.187,188 The 2018 Lancet commission on
pollution emphasizes that the causative factor is building,
particularly for fine particulate matter and dementia in the
elderly, and much research is required to explore emerging
causes.189 Dermal contact with contaminated soil, dust, or
water, though expected to be in a minor concentration, could
contribute to an individual’s intake of air pollution.190,191

■ PARTICULATE MATTER: TINY PARTICLES, BIG
HEALTH CONCERNS

Particulate matter comprises complex physical and chemical
substances that exist in the atmosphere as distinct solid
particles or suspended liquid. It is emitted into atmosphere
directly as a primary source and formed from a precursor as a
secondary source, and both originate anthropogenically or
from a natural source. The classification of PM is based on size
(aerodynamic diameter, μm), and PM is differentiated as
ultrafine particles (PM0.1), fine particles (PM2.5), thoracic
coarse (PM 2.5−10), and coarse particles (PM10). Pollutant
concentration besides air pollution has major negative effects
on neurological activity without meeting the accepted air
quality index maintained as standard.192 A wide range of air
pollutants, including tobacco smoke, traffic related markers like
black carbon, and exposure to wood smoke, are major
associative factors in practice for the development of
cognitive-like effects due to urban air pollutants.193 Elevated
levels of black carbon led to a decline in cognitive function
through both verbal and nonverbal assessments, including
memory constructs. Additional, exposure to environmental
tobacco smoke had a negative impact on cognition of US
adolescents and children aged around 6−16 years.194 Addi-
tionally, PM and metal associated with each other in higher
concentrations could be considered a major key factor that is
very likely to damage the young brains of urban children.195

The origin of PM2.5−10 includes sources from unpaved roads,
construction and demolition dusts, combustion of wood,
burning of municipal solid waste, etc., wherein gas and
condensed vapors originate from various sources and
activities.196 The emerging evidence suggests that cognitive
disturbances of urban children with chronic exposure to air
pollutants could be due to the APOE genotype, i.e., APOE-e4
carriers.197 It is well-known that monoamines, in particular
dopamine, are distributed asymmetrically in the brain, and any
alteration of the distribution unilaterally would lead to
disturbances in pathogenesis of neurorelated diseases accom-
panied by various symptoms.198 Clearly, dietary changes
produce significant changes in health outcomes, and the
usage of polyunsaturated fatty acid (PUFA) diets modifies the
amount of fatty acids present in the frontal cortex region,
particularly enhancing PUFA levels. Nevertheless, it is stated
that any alterations in PUFA content in diet leads to alterations
in cognitive disorders.199 A detailed information on the target
for new drugs is listed in Table 2.

■ A GLOBAL THREAT: AIR POLLUTION’S
FAR-REACHING IMPACT AND THE ROLE OF
ARTIFICIAL INTELLIGENCE IN MITIGATION

It was a long-time delusion of humans that air pollution would
affect primarily the lungs and cardiovascular system, but it has
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recived special focus nowadays due to the detrimental effects in
the brain, which is renowned by neuroscientists and
toxicologists. If the focus is put on preventing the air pollution
from the source itself, we can get significant health effects
worldwide, as the tiny particles even move to nose via the
olfactory nerve and are carried out straight to the brain,
bypassing the blood−brain barrier.200,201 Ultrafine particles are
more like little Trojan horses that stealthily reach the brain
directly and damage neurons, dysregulating microglia
activation (immune cells of brain) into mistaking intruders
for pathogens and killing them by releasing chemicals that later
accumulate and trigger neuroinflammation, thus implicating
neurodegeneration.202 Nonetheless, an ingested particle might
have indirect effects on neurons through the gut, and a strong
connection between the gut microbiome and the brain is well
established by researchers; additionally, previous studies
suggest that systemic inflammation is caused by the delivery
of fine particles to the gut.203,204 Short-term exposure to air
pollution was linked with impaired cognition in aged mice
based on movement, navigation, and recognition.205 Another
study reported that nearly 3000 school-going children had
declines in cognitive development with more traffic pollution,
and the implications were too frightening.206 Mice exposed to
diesel exhaust during prenatal and early postnatal life showed
significant lower Reelin protein levels required for the brain
development.207 It is possible that the matter of concern could
be due to the content of particulate matter in addition to
particulate size, and brain damage at an early age could lead to
poor education and lifestyle changes, which prevents people
from staying away from those areas in their lifetime.208 The
brain tissue analysis of individuals living in heavily polluted
areas showed increase in CD-68, CD-163, and HLA-DR
positive cells, suggesting the infiltration of monocytes and
enhanced pro-inflammatory markers such as IL-1β and COX-2
in the frontal cortex, substantia niagra, and vagus nerves
besides enhanced Aβ42 deposition, blood−brain barrier
damage, and endothelial cell activation.209 Nonetheless, PCB
leads to oxidative stress, thus linking endothelial cell
inflammation and impaired long chain fatty acid synthesis in
the body. Additionally, it is also reported that PCB might affect
thyroid hormone function, leading to cognitive impairment.210

It is thought that the “One Nation-One Fuel Standard” should
be made compulsory and enacted soon to breath pure air and
eventually escape from diseases that could be averted in this
way. Additionally, all public transport and transit vehicles could
be converted to run on compressed natural gas (CNG) by
providing a steady supply and lower price, thus enabling many
private car owners to switch.6

Even if the wealth of data produced by noninvasive
procedures allows for the development of more precise and
reliable biomarkers, it presents difficulties for the computa-
tional analysis of the vast amounts of data produced, which can
be essential for the early diagnosis of AD. To overcome these
difficulties, deep learning and artificial intelligence must be
combined.211 Thus, when analysis of a plethora of information
remains difficult and needs accuracy, artificial intelligence (AI)
is the choice, as it holds the capacity to uphold various pieces
of information and a novel diagnostic AD model can be
employed with more sensitivity in diagnosis using daily clinical
practice-related information. These AI-based models could
help nonspecialists use medical resources more effectively by
reducing the number of missed diagnoses.212,213 Technologies
are also employed in identifying the mental state of the patientT
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by employing the support vector machine technique.214

Diagnosis thus having its own challenges can be met by
deploying artificial intelligence as means of understanding the
gaps in the retrieval of information and understanding the core
concept of disease based on plasma biomarkers through an
artificial neural network.215,216 Traditional studies using MRI
only perform qualitative visual analyses, which frequently miss
important prospective discoveries. Contrarily, large data
collections offer a potential quantitative foundation to support
diagnostics by quantifying the size of the brain structure. As a
result, data-centric AI/ML techniques may serve as a catalyst
for knowledge discovery, laying the groundwork for the
development of new medicines and medications to prevent
and treat Alzheimer’s disease.217 These issues may be resolved
by the rapidly developing field of using AI in conjunction with
neuroimaging to diagnose AD. AI has the capacity to integrate
complicated multimodal data and enhance the precision of
biomarker-based testing, and it holds great promise for
providing reliable and widely available early AD diagno-
sis.218,219 STRING and gene ontology techniques are thus
employed to evaluate novel gene candidates identified by
artificial intelligence in the frontal brain and cerebellum of AD
patients.220 One of the essential techniques to produce input
information on the available EEG data and aid in the
differentiation of AD, MCI, and HC persons is generative
adversarial networks and variational auto-encoder networks.221

Convolutional neural networks are a crucial component of the
AI-based approach used in most advanced deep learning
technology that can be used to categorize AD patients based
on their MRI images.222,223

■ CONCLUSION
This study suggests that various imaging techniques have
evolved, and it is crucial to choose the techniques depending
upon the pollutants and its pathway. Various evidence suggests
that there is a need to develop multidimensional imaging to
check what be suitable for targeting disease before it is too late,
as it is practically impossible to reduce air pollution to a greater
extent due to political considerations in developing countries
who are in the stage of development where, by keeping in mind
the health hazards in long-term, they need to choose wisely in
order to maintain the pollution or health outcomes. Nonethe-
less, the field of targeted therapies for genetic diseases will
advance with the use of AI and ML, promising methods for
discovering disease-associated genes.
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