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Abstract of Thesis

Alzheimer’s Disease: A Universal Consequence of Aging
or a Byproduct of Modern Industrialized Lifestyles?
A Review of Epidemiological and Environmental Influences

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder and the
leading cause of dementia globally. While aging is the strongest known risk factor, this
thesis explores the hypothesis that AD may also be a byproduct of modern industrialized
lifestyles. Through a review of biological, environmental and epidemiological research,
this study examines whether AD is an inevitable consequence of aging or influenced by
modifiable factors that may vary across human populations globally, such as physical
inactivity, poor diet, environmental toxins and socioeconomic disparities. Key findings
highlight that age-related biological changes, including brain atrophy, inflammation,
oxidative stress and vascular damage interact with lifestyle and environmental exposures
to elevate AD risk. Cross-cultural and global comparisons reveal significant variation in
AD prevalence, particularly between industrialized and traditional societies and
underscore the underrepresentation of genetic data from non-European populations.
Moreover, this thesis reviews genetic contributions such as APOE variants and emerging
genome-wide association studies (GWAS/GWAX) across diverse populations,
emphasizing the importance of inclusive, population-specific research. The evidence
suggests that while AD is globally prevalent, it is not universally inevitable. Integrated
strategies combining prevention, awareness and equitable access to care are critical for

addressing the growing AD burden, particularly in low-and middle-income countries.
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Chapter 1: Introduction

Alzheimer’s Disease (AD), the most common cause of dementia, currently affects over
55 million people worldwide and is projected to double by 2050 (WHO, 2023). AD is a
progressive neurodegenerative disorder accounting for 60-80% of dementia cases
worldwide. Affecting millions of individuals, primarily elderly populations, AD is
characterized by cognitive decline, memory loss and deterioration of organizing skills
over time (Alzheimer’s Association, 2023). AD patients usually progress to mild
cognitive impairment (MCI) and eventually to various stages of dementia. According to
Davis et al. (2018), those who are diagnosed at age 65 have an average survival time of
roughly eight years, making it a leading cause of death. As the global population ages,
the incidence of AD has risen sharply, particularly in industrialized nations, which raises
important questions about the relationship between AD, aging and lifestyle factors. As
populations age, AD poses an urgent public health and socioeconomic challenge. The
current body of research offers two key viewpoints —that AD is an inevitable consequence
of aging, or alternatively, that it may be significantly influenced by factors associated
with modern industrialized lifestyles such as diet, physical inactivity, environmental

pollutants and psychosocial stress.

Age serves as the most important risk factor for AD (Chen and Mobley, 2019). Aging-
related changes in the brain can destroy neurons and other cell types, which can lead to
AD. These age-related changes include shrinking of certain brain regions, inflammation,
blood vessel damage, the production of unstable molecules called free radicals and
decreased energy production within cells (Chen and Mobley, 2019). There are no proven

strategies to prevent or cure AD yet, but there is strong evidence that healthy lifestyle

1



habits such as diet, exercise and not smoking may play a role in reducing a person’s risk

of developing AD.

Chapter 2: Biological Mechanisms of Alzheimer’s Disease

Brain shrinkage in some regions

Brain regions shrink in AD is due to atrophy which occurs when neurons are damaged
and stop working properly. This damage to neurons is often exacerbated by the
accumulation of toxic proteins, such as amyloid-B (AP), which contribute further
degeneration. Amyloid-p (AP) are sticky clumps of protein fragments that accumulate
outside neurons and disrupt cell-to-cell communication. Neurofibrillary tangles, on the
other hand, are twisted fibers of hyperphosphorylated tau protein build up inside neurons,
interfering with essential transport systems. Together, these pathological changes have
been hypothesized to contribute to widespread neuronal and synaptic loss, particularly in
brain regions involved in memory and cognition, ultimately leading to the progressive

cognitive decline observed in AD.

Magnetic resonance imaging (MRI) studies have shown that AD follows a characteristic
pattern of brain atrophy, beginning in the entorhinal cortex and hippocampus, a region
essential for memory and progressing to the temporal, parietal and eventually frontal
lobes. By the final stages of AD, overall brain tissue volume has shrunk significantly (Pini
et al., 2016). One of the brain regions that is affected by AD is the hippocampus which,
among other functions, is also responsible for forming new memories Damage to the
frontal lobe is commonly associated with impairments in executive functions, including

reduced working memory (Pini et al., 2016), diminished inhibitory control, difficulties in



planning and decision-making and changes in behavior or personality (Stuss and Levine,

2002). Damage to the temporal lobe affects memory.

The left hemisphere is also most affected by this disease and damage to this area can
cause problems with language and semantic memory. Additionally, the cortex within
these regions becomes thinner, which indicates significant neuronal loss and reduced
synaptic density associated with cognitive decline (Pini et al., 2016). Advancements in
hippocampal volumetry have the potential to establish it as a widely adopted outcome
marker in AD clinical trials. Patterns of cortical atrophy have demonstrated high accuracy
in tracking disease progression and show promise in distinguishing AD subtypes (Pini et
al. 2016). Additionally, changes in white matter tracts have been closely linked to disease
advancement. Recent studies have also highlighted significant atrophy in the striatum and
basal forebrain, two regions often overlooked in AD research (Pini et al., 2016). However,
the cognitive implications of these changes remain unclear. Future integration of multiple
MRI modalities could further propel the field by providing more robust biomarkers for

detecting disease onset and monitoring progression.

Studies using stereological methods indicate that normal aging involves minimal loss of
neurons in the human brain (Morrison and Hof, 1997). Resnick et al (2003), using MRI,
found that although most older individuals show some tissue loss with time, there is great
diversity in the magnitude of this change. This apparent contradiction, stable neuron
numbers but reduced brain volume, can be explained by the fact that normal aging is often
characterized by changes in neuron morphology rather than widespread cell death. During
normal aging, neurons may shrink in size, lose dendritic branches or experience

reductions in synaptic density, all of which contribute to cortical thinning and brain



volume loss without significant neuron loss (Morrison and Hof, 1997). In contrast, AD
involves substantial and progressive neuronal death, especially in areas critical for
memory and cognition such as the hippocampus and temporal lobe. Thus, while both
normal aging and AD show brain atrophy, the underlying mechanisms and extent of
cellular damage are fundamentally different. The highly healthy subsample's trend, in the
Resnick et al. (2003) study, toward less volume loss raises the possibility that people who
maintain their cognitive and medical health may experience less brain atrophy. Their
samples, which included people in generally good health, demonstrated that there was,

on average, minimal cognitive impairment over the first four years.

While Resnick et al. (2003) observed minimal cognitive decline and modest brain changes
over these first four years in healthy older adults, individuals with AD typically
experienced significant cognitive and structural deterioration over a similar period.
However, they anticipated that some members of the aging sample would exhibit
cognitive impairment and change because of ongoing longitudinal flow-ups. According
to their research (Resnick et al., 2003), other parts of the brain, including the insular cortex
and orbitofrontal cortex, also exhibited notable longitudinal tissue loss and could be
indicators of additional cognitive and functional deficits in the elderly. Lastly, they
highlight how their in vivo MRI results can guide more targeted neuropathological
investigations of brain areas. Such correlated neuropathological studies will be crucial in
clarifying the basis of these in vivo imaging findings and will help elucidate the seeming

dichotomy between loss reported on MRI and reports of low neuron loss with aging.

Age-related Inflammation

The aging brain exhibits numerous interconnected processes that lead to its senescence,
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all of which are still poorly understood at the molecular level. The cognitive decline

linked to brain
aging and neurodegenerative illnesses has been hypothesized to be associated with
bioenergetic deficiencies, an oxidized redox environment, and low levels of chronic
inflammation (Yin et al., 2016). Changes in cellular metabolism are linked to inflammation
processes. One of the basic processes of neuroinflammation is the activation of many
immune cell types, including astrocytes and microglia. It is thought that the development
of insulin resistance is caused by changes in the activation profile of microglia with aging

and an increase in the release of inflammatory cytokines (Yin et al., 2016).

Inflammatory factors can be neurotoxic in normal aging and neurodegenerative diseases.
It is predicted that these inflammatory responses are partly driven by positive feedback
loops between microglia and astrocytes (Glass et al., 2010). Chronic, low-grade
inflammation positively correlates with aging. With age, microglia exhibit enhanced
sensitivity to inflammatory stimuli which is similar to that observed in brains with
ongoing neurodegeneration (Yin et al., 2012). Despite the critical involvement of
inflammatory processes in AD etiology, the use of anti-inflammatory drugs has produced
minimum to no beneficial effects on symptomatic AD (Yin et al., 2016). In these studies,
anti-inflammatory drugs sometimes exhibit adverse effects in later stages of AD
pathogenesis, although it was also found that long-term use of certain NSAIDs can reduce

AD risk significantly with asymptomatic subjects.

Age-related blood vessels damage

Additionally, age-related vascular alterations may play a pathogenic role in AD as they

often coexist with, or even precede, the onset of AD pathology (Cortes-Canteli and
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Iadecola, 2020). While the classical neuropathological hallmarks of AD are amyloid-beta
(AP) plaques and intraneuronal aggregates of hyperphosphorylated tau (neurofibrillary
tangles), recent community-based autopsy studies have revealed that vascular alterations
are present in over 50% of clinically diagnosed AD cases (Cortes-Canteli and Iadecola,
2020). This underscores the often under-appreciated role of age-related vascular factors

in the mechanisms of AD (Cortes-Canteli and ladecola, 2020).

Production of unstable molecules called free radicals

Apart from inflammation, senile plaques, and neurofibrillary tangles, the AD brain also
shows signs of oxidative stress, which is the term for damage caused by oxygen radicals.
However, it has proven challenging to directly link this mechanism to AD for several
reasons (Pratico, 2002). Because of its high rate of energy and oxygen consumption, as
well as its quantity of peroxidizable fatty acids, the brain is especially susceptible to harm
from oxygen radicals. Compared to other organs, it also has less antioxidant defense
systems and higher concentrations of transition metals, which can catalyze the production
of oxygen radicals. The fact that age is a risk factor in AD has provided initial support to
the hypothesis that oxygen radicals, like in the aging process, could be involved (Pratico,
2002). Although AD is likely to be associated with multiple etiologies and mechanisms,
it is evident that oxidative stress is an important part. It is unknown whether the central
issue of oxidative stress is a result of the pathology of AD or serves as an initiator of the
pathological damage. According to Pratico (2002), oxidative stress is an early event in
AD and is likely to play a more active role in the pathogenesis than previously

hypothesized.

Age-related decreased energy production within cells



AD has been linked with metabolic abnormalities in the brain, including reduced glucose
metabolism and impaired cellular energy production (Chen and Zhong, 2013). These
metabolic changes can lead to neuronal dysfunction and cognitive impairment. The
alterations brought on by aging and AD in cellular energy metabolism, excitation or
inhibition level, and neurotrophic factor release overwhelm compensatory systems and
can cause brain networks and neuronal microcircuits to malfunction (Kapogiannis and
Mattson, 2011). Synaptic degeneration and death nerve cells are defining features of AD.
In AD, neurons in the hippocampus and basal forebrain are selectively vulnerable.
Synapses, the communication points between neurons, require substantial energy to
maintain ion gradients, recycle neurotransmitters and support synaptic plasticity. Because
of this, regions with high synaptic density such as the hippocampus are especially
dependent on efficient energy metabolism. In AD, mitochondrial dysfunction and
impaired glucose utilization disrupt ATP production, compromising synaptic function
and accelerating neurodegeneration in these energy-demanding regions (Thomas et al.,
2015). The brain is one of the most energy-demanding organs in the body (Thomas et al.,
2015). It has evolved intricate metabolic networks to fulfill this need and utilizes a variety

of substrates to generate ATP, which is the universal energy currency.

Chapter 3: Lifestyle and Environmental Risk Factors

Physical Activity, Lifestyle Behaviors and Health Disparities in AD

In addition to lowering the risk of numerous diseases, regular exercise and a healthy diet
also raise the likelihood of successful aging. Older persons who engage in physical

activity have a longer lifespan, a decreased risk of cognitive impairment, and lower levels



of inflammatory markers (Stenling et.al., 2021). The prevalence of AD is higher in
women as compared with men worldwide. According to a meta-analysis by Chavez-
Fumagalli et al. (2021), the lowest prevalence of AD was observed among Asians and
Pacific Islanders (8.4%), followed by American Indians and Alaska Natives (9.1%), non-
Hispanic whites (10.3%), mixed-race people (11.5%), Hispanics (12.2%), and Black
individuals (13.8%). These differences are not due to inherent biological variation but are
likely shaped by social determinants of health, including disparities in lifelong access to
healthcare, education, exposure to chronic stress and other systemic inequities. These
percentages include both men and women. Notably, developing countries such as Peru,
Brazil and other Latin American nations as well as regions in Africa and Asia, face unique
challenges that exacerbate the risk of AD, including poverty, low literacy rates, poor
infrastructure, and limited access to healthcare resources by the majority of the
population. These factors contribute to high Population Attributable Risk (PAR)
percentages, driven by low educational attainment and inadequate physical activity.
PAR% serves as a critical metric in assessing the potential impact of public health
interventions by combining exposure risk and prevalence (Chavez-Fumagalli et al.,
2021). In these regions, the risk of an AD epidemic is heightened due to socio-economic
constraints and limited access to advanced diagnostic tools. Diagnostic biomarkers for
AD, such as positron emission tomography (PET) scans, magnetic resonance imaging
(MRI), and cerebrospinal fluid (CSF) analysis, are often inaccessible in developing
nations due to their high costs, the need for specialized expertise and invasiveness, further

complicating early detection and management.

The role of the environment in the development of AD can be examined based on twin

studies. Mastroeni et al. (2009) report on a study of the brains of identical twins who



both passed away in

their 70s. Despite their similarities, shared genetics, education, and careers as chemical
engineers, one twin developed AD in his mid-60s, while the other showed no cognitive
decline. The key difference was that the twin with AD had spent three years working in
a Union Carbide plant, where he was frequently exposed to high levels of DDT
(Mastroeni et al., 2009). As evidenced by this, there are alternative perspectives on the
genetic pathways and risk exposures behind AD. Mastroeni et al. (2009) proposed that
researchers should evaluate the possible impact of life events in addition to searching for
innate causal genetic variations. In contrast to the other, the twins with AD had lower

levels of DNA methylation, a mechanism that regulates gene

expression, in their cortical neurons.

In addition, a study that featured information from about 3,000 research participants from
The Chicago Health and Aging Project (CHAP) and the Memory and Aging Project
(MAP) found that integrating more healthy living practices was linked to a much lower
risk for AD (Dhana, 2020). There was a 60% decreased risk of AD for those who followed
four ,or all, of the five recommended healthy practices: exercise, abstinence from
smoking, moderate to light alcohol use, eating a healthy diet, and mental activities
(Dhana, 2020). The research team analyzed the scores in relation to AD diagnoses among
CHAP and MAP participants. The authors highlighted the importance of combining
healthy lifestyle factors, noting that participants with two to three healthy lifestyle factors
had a 37% lower risk of AD compared to those with none or one, while those with four
to five factors experienced a 60% reduction in risk (Dhana, 2020). While it does not
establish a direct cause-and-effect relationship, it offers robust findings due to the use of

dual data sets and the combination of modifiable lifestyle factors that seem to reduce risk.
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Diet and Nutritional Interventions

The Mediterranean diet has been associated with a reduced risk of AD and dementia. The
Mediterranean diet is rich in fruits, vegetables, legumes, whole grains and fish and uses
olive oil as the primary cooking fat. This type of diet is also a heart-healthy diet (Singh
et al., 2014). The Mediterranean diet is also linked to improved cognition in people who
are at risk of heart and other vascular diseases (Singh et al., 2014). Studies have also
suggested that dietary and lifestyle factors may influence risk, raising the possibility that
preventive strategies may be effective (Barnard et al., 2014). There is considerable

evidence indicating that a combination of a healthy

diet and regular physical exercise can lower the risk of developing AD. These lifestyle
changes offer additional benefits, such as improving body weight, cardiovascular health,
and reducing the risk of diabetes, all with minimal risk of harm. As research into AD
continues to evolve and uncover new findings, these guidelines may serve as a reflection
on updating the latest evidence and recommendations for AD prevention. The precise
biological mechanisms connecting diet to AD pathology in humans remain unclear and

warrant more in-depth research.

Socioeconomic Factors and Health Disparities

While aging is the strongest risk factor for AD, evidence suggests that it is not an
inevitable outcome. Some epidemiologists report that the prevalence of AD continues to
increase in the very old and concluded that AD may become universal when age is
sufficiently advanced (Morris, 1999). Although the risk of AD increases with aging, the

onset of AD can occur in people younger than 65, although it accounts for a small number
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of all cases and the rest are classified as late onset. A recent Dutch study identified 100-
year-olds with high cognitive performances despite risk factors for decline (Holstege et

al., 2018). The results from this study

suggest that, although dementia and AD is more likely to occur with an increase in age,
it will not be everyone’s fate. The presence of amyloid plaques in the brain is a hallmark
of AD but not everyone with amyloid accumulation develops dementia. Cognitive
resilience can be influenced by factors such as education, social engagement, physical
activity and brain plasticity, which help maintain function despite underlying pathology
(Holstege et al., 2018). Among many lifestyle associations and interventions for aging
and AD, sleep is clearly strongly associated with brain aging and AD, while the benefits

of exercise are still controversial (Xia et al., 2018).

Industrialization, Pollution, and the Hygiene Hypothesis

People living in industrialized countries may be more likely to develop AD due to greatly
reduced contact with bacteria, viruses and other microorganisms - which can lead to
problems with immune development and increased risk of AD. New research has found
a very significant relationship between a nation’s wealth and hygiene and the AD burden
on its population. High-income, highly industrialized countries with large urban areas and
better hygiene exhibit much higher rates of AD (Fox, 2013). The "hygiene hypothesis"
holds that sanitized environments in developed countries lead to far less exposure to a
diverse range of bacteria, viruses, and other microorganisms, and may cause the immune
system to develop poorly, exposing the brain to the inflammation associated with AD

(Fox, 2013). Given the widespread use of industrial chemicals in consumer products,
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particularly in high-income countries, it is important to also investigate whether their
abundance correlates with the increasing prevalence of AD. Additionally, within these
countries, lower-income populations often rely on more affordable consumer goods,
which may contain higher levels of potentially harmful substances. Understanding

whether this differential exposure contributes to an increased risk of AD in

disadvantaged communities is a critical public health concern.

Chapter 4: Cross-Cultural and Epidemiological Perspectives

Global Variation in AD Prevalence

This thesis presents a review of epidemiological studies on AD across diverse global
populations. The review aims to investigate key aspects such as prevalence of AD,
comparing incidence rates between industrialized and non-industrialized regions and to
identify risk factors including lifestyle, dietary patterns and environmental exposures
associated with the disease. Additionally, it examines the age distribution of AD cases

across different populations providing

insights into age-related trends. Studies included in the review met the following criteria:
must be peer reviewed, published within the last 20 years, provide clear data on AD
prevalence and associated lifestyles or environmental factors and population-based
studies that differentiate between age and lifestyle factor. A total of 24 studies met the
criteria of this review and by synthesizing data from these studies, this research aims to
identify patterns and potential preventative strategies for AD, contributing to a deeper

understanding of its epidemiology and informing public health interventions worldwide.

To explore the role of lifestyle in AD development, this research included a cross-cultural
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comparison between populations of industrialized societies, such as the United States of
America, and non-industrialized or traditional societies like rural areas of Africa, India
and Southeast Asia. This analysis focused on lifestyle practices that may influence AD
prevalence, including dietary patterns, physical activity levels and environmental
exposures. Specifically, it compared Western diets, often high in processed foods and

saturated fats with traditional diets rich in plant-based

foods known for their potential neuroprotective effects. Physical activity levels were also
assessed, examining how sedentary lifestyles in industrialized settings contrast with more
physically active routines in traditional societies and their correlation with AD incidence.
Additionally, the study analyzed environmental exposures such as air quality and heavy

metal pollutants across regions to evaluate their potential impact on AD risk.

AD is widely recognized as a major public health challenge, but its distribution and
impact vary globally. While much of the research on AD is historically focused on high-
income Western countries, growing evidence suggests that AD and dementia are not
confined to these regions but rather represent a global epidemic (Prince et al., 2015).
Furthermore, research indicates that genetic variants associated with AD in European
populations do not always replicate in other ethnic groups, highlighting potential
population-specific risk factors. This suggests that even as AD is universal in its
occurrence, its genetic and environmental risk factors may vary across populations. The
study by Prince et al. (2015) highlights that 58% of individuals affected by dementia live
in low-and middle-income countries (LMICs), where limited awareness, underdeveloped
healthcare systems and insufficient support services for elderly and cognitively impaired

individuals contribute to the condition’s high impact. The primary driver of increasing
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dementia cases is population aging. While the study assumes that age-specific prevalence
remains constant, recent evidence challenges this, showing a slight decline in some high-
income countries (HICs) but a rising prevalence in China, likely due to shifts in
population health and increased exposure to cardiovascular risk factors. With middle-
income countries experiencing rapid population aging, the majority of new dementia
cases through 2050 will emerge in these regions and by then, 71% of individuals with

dementia are expected to reside in LMICs (Livingston et al., 2020).

The global burden of AD is shaped not only by genetic predisposition but also by
modifiable lifestyle and environmental factors. Physical inactivity, smoking, obesity,
hypertension and diabetes are key risk factors associated with AD, and their prevalence
varies across different regions due to disparities in healthcare access, diet and physical
activity (Livingston et al., 2020). The limited availability of healthcare services in low
and middle-income countries exacerbates the challenge of diagnosing and managing AD,
contributing to an underestimation of cases in these regions. Although public health
interventions may help reduce dementia incidence, estimates suggest that only up to 10%
of cases may be prevented through lifestyle changes (Livingston et al., 2020). Education
and cognitive stimulation throughout life may also play a role in delaying cognitive

decline, potentially reducing AD prevalence in aging populations.

However, despite these efforts, the disease is expected to continue rising globally,
particularly in low-and-middle-income countries, where access to healthcare and

resources for early detection and management remains limited (Prince et al., 2015). Based
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on this, AD is a universal disease in the sense that it affects populations worldwide.
However, the underrepresentation of non-European populations in genetic studies and
disparities in healthcare access highlight important variations in its risk factors,
prevalence and diagnosis across different regions. While the disease is present in all
populations, its causes, risk factors and impact differ depending on genetics,

socioeconomic factors and healthcare access.

Recent comprehensive reviews and meta-analyses of dementia prevalence in China and
sub-Saharan Africa indicate significantly higher estimates than those reported in the 2009
World Alzheimer Report. When age-standardized to a West European population,
dementia prevalence in East Asia rose from 4.98% to 6.99%, while in sub-Saharan Africa,
it increased from a range of 2.07%-4.00% to 4.76% (Alzheimer’s Disease International,
2013). As more data become available, regional differences in prevalence are narrowing.
The global number of people living with dementia was estimated at 44.35 million in 2013,
projected to rise to 75.62 million by 2030 and 135.46 million by 2050. These updated
estimates surpass those from the 2009 report by 15% for 2030 and 17% for 2050
(Alzheimer’s Disease International, 2013). While dementia has traditionally been
concentrated in high-income countries, low-and middle-income countries (LMICs) are
experiencing the most significant growth, with their share of cases rising from 62% in
2013 to 71% to 2050 (Alzheimer’s Disease International, 2013) The number of people
with dementia in LMICs is projected to more than triple, from 27.84 million to 96.27
million, compare to a slower increase in high-income countries from 17 million to 39.19
million. This shift is also evident within economic groups, as the G8 countries share of
dementia cases declines from 32% to 21% while the G20 sees an increase of 185%

(Alzheimer’s Disease International, 2013). The prevalence of AD and dementia is
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increasing worldwide, with the largest projected occurring in east Asia and Sub-Saharan
African (SSA). Recent reviews of survey data suggest that by 2050, 33.61 million people
in East Asia and 5.05 million people in SSA will have dementia, marking a 49% and 136%
increase, respectively from previous estimates (Prince et al., 2015). The upward revisions
in dementia projections reflect two key factors which are underestimation of older
populations in previous UN data and improved survival rates into old age. These findings
indicate that dementia is just a Western issue but a growing concern across all global
regions. AD dementia cases disproportionately impact LMICs, where healthcare systems
and social support are often underdeveloped, urgent investments in healthcare
infrastructure, public health initiatives and preventive measures targeting modifiable risk
factors such as cardiovascular health, education and lifestyle choices are crucial. Without
intervention, the growing dementia epidemic in resource-limited settings will place

immense strain on healthcare and social systems worldwide.

Chapter 5: Genetic Contributions and Population Differences

Genetic Risk Factors: APOE and Beyond

AD is influenced by genetic factors, with the apolipoprotein E (4POE) gene emerging as
the most significant genetic contribution to late-onset AD. In particular, the €4 allele has
consistently been associated with increased risk, while the €2 allele appears to offer a
protective effect (Nuener et al., 2020). The strength of this association has been validated
across large-scale genomic studies, emphasizing its central role in AD pathogenesis.

Several of the earliest

genome-wide-association studies (GWAS), each analyzing fewer than 2,000 AD cases,
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identified only the APOE gene as significantly linked to the disease (Neuner et al., 2020).
The outcome was likely due to the results of limited sample sizes, as GWAS needs large
cohorts to detect genetic variants with small effect sizes. Due to the larger number of
single nucleotide polymorphism (SNPs) tested across the genome, these studies face strict
statistical thresholds to account for multiple comparisons. The consistent detection of
APOE in these smaller studies highlights its role as the strongest common genetic risk
factor for late-onset Alzheimer’s Disease (LOAD), while other genetic variants likely

contribute smaller, harder-to-detect effects.

Beyond APOE, recent research has identified a complex landscape of additional risk loci,
each contributing modestly to overall risk. Genes involved in amyloid processing (4PP,
ADAM10), tau metabolism (MAPT), lipid transport (ABCA7), synaptic function (BINT)
and immune response (TREm2, INPP5D, CRI) have been implicated (Marioni et al.,
2018). Despite the long-standing recognition of the impact of APOE €4 on AD risk, the
precise mechanism by which APOE €4 confers elevated risk for AD remains unclear
(Nuener et al., 2020). These findings reflect the multifactorial nature of AD and suggest
that it arises from the interplay of several biological pathways rather than a single genetic
cause. Rather than focusing on isolated studies, this review synthesizes findings across
multiple meta-analyses to highlight recurring genetic themes. This approach underscores
both the replicability of major risk loci and the emergence of novel candidates in diverse
populations. The identification of converging pathways, especially those involving
neuroinflammation, lipid dysregulation and endocytosis reinforce the need for systems-

level approaches to AD research and therapy development.

GWAS and GWAX Methodologies
17



Genome-wide association studies (GWAS) have been instrumental in identifying
common genetic variants associated with AD by comparing the genomes of clinically
diagnosed AD patients to cognitively normal controls. These studies have uncovered
several robust genetic risk factors, such as APOE gene and additional risk loci contributing
to AD susceptibility (Lambert et al., 2013). However, GWAS require large well-
characterized case-control datasets which can be difficult to obtain due to clinical
diagnostic limitations. To overcome these challenges, researchers developed genome-
wide association studies by proxy (GWAX), which infer AD risk based on participants’
family history, such as parental diagnoses. This method significantly expands the

available sample size, particularly by leveraging large population biobanks like UK

Biobank, where clinical diagnoses may be absent but family history can be used as proxy
phenotype (Marioni et al., 2018). While GWAX introduces some phenotypic noise, it
maintains statistical power and replicates known risk loci, such as APOE and BINI
(Jansen et al., 2019). Recent studies have conducted meta-analyses combining GWAS
and GWAX datasets to further improve the discovery of AD-associated loci (Bellenguez
et al.,, 2022). These integrative approaches strengthen statistical power and allow for
cross-validation of genetic signals across distinct cohorts. Despite its global presence,
research on AD remains heavily biased toward Western populations, particularly those of
European ancestry (Bellenguez et al., 2022). It is important to critically evaluate how the
inclusion of GWAX methods and broader population sampling influence understanding
of AD genetics, particularly in non-European cohorts given that genetic risk factors may

not generalize to non-European groups (Jiao et al., 2021).

The meta-analyses reviewed in this thesis include studies such as Gao et al. (2024) and
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Norton et al. (2014), which used random-effects models to account for between-study
variability, accommodating differences in populations, methodologies and study
designs. To assess heterogeneity, these studies reported Cochran’s Q test and the I?
statistics, which help quantify the degree of inconsistency and identify potential sources
of variation across studies. Subgroup analyses were also utilized to examine how
specific lifestyle or environmental exposures such as physical inactivity, diet or
pollution may influence AD prevalence in distinct populations. This methodology
allows for a more nuanced interpretation of how modifiable factors contribute to global

variations in AD risk.

Cross-Population Differences in Genetic Risk

Genetic susceptibility to AD varies significantly across populations, with multiple studies
demonstrating differences in the distribution and effect sizes of AD-associated genetic
variants among different regional groups (Neuner et al., 2020). For instance, genetic
variants identified in European populations often do not exhibit the same level of
association in some East Asian groups. For example, findings from cohorts in South
China revealed that some AD risk loci identified in European studies failed to replicate
(Jiao et al., 2021). These disparities underscore the complexity of AD genetics and
emphasize the need for population-specific genetic analyses that account for diverse
ancestral backgrounds, rather than relying on broad continental categories. This suggests
that the genetic risk factors contributing to the disease may vary across regions and
specific study populations, reflecting the influence of genetic diversity and environmental

contexts within and between populations. The presence of AD in diverse populations
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supports its universality, but the differences in genetic variants indicate that susceptibility

and underlying genetic mechanisms may not be identical across all groups.

Using both simulated and real data, Gao et al. (2024) examined how phenotypic
heterogeneity affects GWAS's statistical power. They found that phenotypic variability,
as shown by the percentage of "non-cases" (controls) in the case group, dramatically
reduced the estimates of the genetic effect and the statistical power to detect the genetic
relationship. A 50% heterogeneity level, on the other hand, is thought to roughly triple
the necessary sample size. These results suggest that to identify the true genetic
correlations, accurate phenotype characterization may be more important than larger
sample sizes (Gao et al., 2024). In addition, research suggests that genetic variants
associated with AD can differ between populations. For example, several variants strongly
linked to AD in individuals of European descent, primarily from countries such as UK,
Germany and other Western European nations, have not demonstrated the same
associations in Chinese cohorts studied, particularly from South China, highlighting the
potential for population-specific risk factors for AD. The low repeatability (17%) of
genome-wide significant AD susceptibility loci across all of these AD GWAS and
GWAS+GWAX datasets and the decreased heritability (from 40% to 2%) as the sample
size increases in GWAS+GWAX datasets may have been caused by statistical
heterogeneity, which may have also reduced the statistical power in AD GWAS+GWAX
(Gao et al., 2024). Using the AD GWAS dataset from GWAS2019, it was found that the
risk of acquiring AD decreased by 29% with every SD increase in years of education
(about 3.6 years) (OR = 0.71, 95% CI: 0.60-0.84, and P = 1.02E-04). Using the AD
GWAX dataset from GWAX2021, they discovered that the probability of acquiring AD

increased by a significant 84% for every SD increase in years of education (OR = 1.84,
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95% CI: 1.59-2.13, and P = 4.66E-16) (Gao et al., 2024).

Norton et al. (2014) used existing meta-analyses to estimate the global and regional
population-attributable risk (PAR) for seven modifiable risk factors linked to AD which
include diabetes, midlife hypertension, midlife obesity, physical inactivity, depression,
smoking and low educational attainment. Drawing from data in the Health Survey for
England (2006), they calculated the combined impact of these factors, accounting for
overlap between them. To explore prevention potential, they modeled hypothetical
scenarios in which the prevalence of each risk factor was reduced by 10% or 20% per
decade, estimating how such reductions could lower the projected number of AD by the
year 2050. Epidemiological studies have consistently identified physical inactivity as a
major contributor to AD risk, particularly in Western populations such as the USA,
Europe, and the UK. Barnes and Yaffe (2011) estimated that among seven key modifiable
risk factors for AD including diabetes, midlife hypertension, midlife obesity, smoking,
depression, low educational attainment, and physical inactivity—the latter (physical

inactivity) accounts for the largest proportion of cases in these regions.

Current estimates indicate that approximately one-third of adults in the USA, Europe and
the UK do not meet recommended levels of physical activity, thereby increasing their
susceptibility to AD and other chronic diseases (Norton et al., 2014). Physical inactivity
is acknowledged as the fourth most important risk factor for non-communicable diseases
(NCDs) worldwide, in addition to its link to cognitive decline (WHO, 2020). Sedentary
lifestyles have been associated with higher rates of type 2 diabetes, cardiovascular disease,
and some types of cancer (Lee et al., 2012). There is mounting evidence that increasing

physical activity could be a preventive measure against AD because of the pathogenic
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mechanisms such as oxidative stress, chronic inflammation, and vascular dysfunction that
overlap between these disorders and neurodegeneration (Erickson et al., 2019). These
findings emphasize the need for public health interventions aimed at promoting physical
activity, particularly among aging populations, to mitigate the risk of AD and other
chronic illnesses. Norton et al. (2014) suggested further research is required to determine
the extent to which physical activity interventions can prevent or delay the onset of AD,

as well as the underlying biological pathways that mediate these protective effects.

In line with earlier estimates of the combined proportion of cases attributable to the risk
factors considered in the study, Norton et al. (2014) estimated that approximately 50% of
global AD cases might be linked to seven potentially modifiable risk factors. However,
when the overlap and intercorrelation between these factors were statistically adjusted for,
the more conservative estimate suggested that around one-third of AD cases worldwide
could be attributed to these modifiable risk factors. The population-attribute risk (PAR)
estimates for individual risk factors reported by Norton et al. (2014) were generally
consistent with prior studies, though some higher PARs for midlife obesity and
hypertension were found due to higher prevalence rates of these conditions in specific
regions. Norton et al. (2014) also conducted hypothetical modeling, examining how
delaying the onset of AD through targeted interventions could reduce its future prevalence
in the United States and globally. These findings suggest that although AD is a global
condition, its risk factor profile, prevalence and potential intervention strategies vary
significantly by region and demographic group. Preventative measures could lower the
incidence of AD by addressing modifiable risk factors like education, physical inactivity,

and vascular health, which account for a substantial portion of AD cases globally.
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From their meta-analysis, Norton et al. (2014) furthermore concluded that low
educational attainment had the highest global PAR at 19-1%, (95% CI 12-3-25-6), while
physical inactivity had the highest PAR in the USA (21:0%), Europe (20-3%), and the
UK (21:8%). Assuming independence, the combined worldwide PAR for the seven risk
factors was 49-4% (95% CI 25-7-68-4), or 16-8 million attributable cases (95% CI 8-7-
23-2 million) of 33-9 million cases; however, once the association between the risk
factors was taken into account, the estimate dropped to 28:2% (95% CI 14:2-41-5), or
9-6 million attributable cases (95% CI 4:8-14-1 million) of 33-9 million cases. Relative
decreases of 10% per decade in the prevalence of each of the seven risk factors could
reduce the prevalence of AD in 2050 by 8:3% globally, assuming causal relationship and
prevention intervention at the appropriate age. The combined PAR estimates for the USA,
Europe, and the UK were approximately 30%. When non-independence across risk
variables is taken into consideration, it is possible that modifiable risk factors account for
around one-third of AD cases globally (Norton et al., 2014). The incidence of AD may
be decreased by increasing access to education and implementing efficient strategies
aimed at lowering the prevalence of depression and vascular risk factors, such as smoking,
physical inactivity, midlife hypertension, midlife obesity, and diabetes. This highlights
the importance of conducting more inclusive research and developing region-specific

prevention strategies rather than assuming a one-size-fits-all approach.

However, when it comes to meta-analysis there are strengths and limitations of
populations-attributable risk estimates for AD. One major strength of recent studies
estimating the proportion of AD cases attributable to modifiable risk factors is the
adjustment for the non-independence of the factors (Norton et al., 2014; Livingston et al.,

2020). Earlier estimates often treated risk factors as independent variables (Barnes and
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Yaffe, 2011), which may have led to overestimates of their contribution to AD prevalence.
By considering the interplay between risk factors, newer models provide more
conservative and realistic estimates (Norton et al., 2014) However, despite these
refinements, such estimates remain subject to significant uncertainties. One key limitation
arises from the reliance on relative risk (RR) estimates derived from secondary data, often
obtained through meta-analyses. While these estimates are generally robust, they
primarily indicate associations rather than causations. For example, while depression has
been identified as a risk factor for AD, its casual role remains uncertain as most supporting
data are observational (Barnes and Yaffe, 2011). Other confounding factors may
contribute to the observed relationships, necessitating further longitudinal and

interventional studies to establish causality.

Additionally, current models assess risk relationships at specific ages, but AD develops
over decades, influenced by interactions between risk factors throughout the life course.
For instance, improvements in educational attainment over time may not immediately
affect dementia risk in older generations but could significantly impact younger
generations (Livingston et al., 2020). Similarly, the long-term consequences of low
physical activity in midlife may differ from those estimated in current studies. These
factors highlight the need for life-course-based models that account for generational
differences and the cumulative effects of risk exposure over time. Another limitation is
the exclusive focus on AD, despite evidence that most dementia cases in aging
populations involve mixed pathologies, including vascular contributions and other
neurodegenerative processes (Jack et al., 2018). Future models incorporate broader
dementia 1 classifications to better capture the heterogeneity of the disease. Moreover,

ideal modeling approaches would integrate changes in multiple risk factors across the
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lifespan, such as increasing physical activity while simultaneously addressing other
modifiable risks. However, current data constraints limit such comprehensive analyses,
underscoring the need for more extensive longitudinal datasets that track individuals over

time.

Chapter 6: Discussion and Conclusions

Integrating Biological, Environmental, and Genetic Risk Factors

With prevalence rates rising everywhere, AD is a serious worldwide health concern.
Although dementia has historically been researched in wealthy nations, new research
indicates that it affects people all over the world, with different prevalence rates and
hereditary factors. The necessity for region-specific research and healthcare interventions
is highlighted by the rising prevalence of AD in low- and middle-income countries
(LMICs), especially in East Asia and Sub-Saharan Africa. Modifiable environmental and
lifestyle risk factors are a significant contributor to the increasing prevalence of AD.
According to studies, the leading cause of AD cases in Western nations is physical
inactivity, however other variables like obesity, high blood pressure, diabetes, and low
educational attainment also play a big part. Because of the way these factors interact,
preventative measures that focus on these risk factors may lower the incidence of AD
worldwide. Variation in these elements' effects across populations are still problematic,
though, especially in LMICs where access to healthcare is restricted. While genome-wide
association studies (GWAS) and genome-wide association by proxy (GWAX) have
identified key loci linked to AD, most of this research has focused on individuals of
European descent, particularly from Western European Countries such as UK and

Germany. However, emerging studies from parts of East Asia, including South China are
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beginning to highlight population-specific differences in genetic risk for AD. Concerns
regarding the generalizability of genetic findings are underscored by evidence that some
AD risk variants identified in European populations may not be relevant in other regions,
such as South China, where replication has failed in certain cohorts; this highlights the
need for broader inclusion for underrepresented populations, such as those from parts of
Africa, to fully capture global genetic diversity and improve the applicability of findings.
A thorough knowledge of how genetic and environmental. Variables that contribute to AD

globally are hampered by the paucity of genetic data from non-European groups.

Although AD is considered a universal condition affecting populations worldwide, the
manifestation, risk factors and prevalence of the disease are far from uniform. These
differences are shaped by a range of factors, including genetic ancestry, environmental
exposures, healthcare access, diet, education and cultural perceptions of aging and
dementia. APOE genetic variation is the most prominent genetic risk factor identified for
late-onset AD. However, impact on disease risk varies among populations. For instance,
in a sample of African American and Puerto Rican individuals, those with APOE ¢4 allele
haplotype associated with African ancestry tend to have a lower AD risk compared to
those with the haplotype associated with the European variant. This discrepancy in
genetic risk may not be solely due to the APOE gene itself, but could also involve
variations in the surrounding genomic region that modulate its expression or interaction
with other genes (Rajabli et al., 2018). In addition to genetic factors, cultural practices,
environmental exposures and health care disparities may also contribute to differences in
AD risk cross populations. Environmental factors, such as exposure to air pollution,
industrial chemicals or infectious diseases, also differ dramatically across regions and

may interact with genetic predispositions in ways not yet fully understood. Additionally,
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socioeconomic status and healthcare infrastructure further influence how AD is diagnosed
and managed. In low-and-middle-income countries (LMICs), underdiagnosis and late-
stage presentation are common due to limited awareness, scarce medical resources and
cultural stigma (Wellington et al., 2024). Conversely, in high-income countries, access to
advanced diagnostics and preventive interventions may lead to earlier detection and
management, though disparities still exist along racial and economic lines. Understanding
these variations is crucial for developing equitable and effective global strategies to
prevent, diagnose and treat AD. It also underscores the need for more inclusive research
that encompasses diverse populations, moving beyond the Eurocentric bias that has

historically dominated AD studies.

Global Health Implications and Prevention Strategies

Challenges for Future Research

This thesis examined the global nature of AD, emphasizing the significance of modifiable
lifestyle variables, variation in genetic risk factors among populations, and the disease's
increasing prevalence in LMICs. The research that is now available is still skewed toward
high-income nations and populations with European ancestry, despite the fact that AD
affects people everywhere. Research efforts must be expanded, healthcare infrastructure
must be improved, and region-specific preventative initiatives must be put into place as
the burden of AD transfers to poorer and fast developing countries. Diversifying genetic
studies, finding risk factors unique to a population, and assessing the efficacy of therapies
across various demographic groups should be the main goals of future study. Addressing
the worldwide AD epidemic will also need expanding access to healthcare and raising

awareness in LMICs. We can better understand the underlying causes of AD and create
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prevention and treatment plans that work for all populations if we use a comprehensive

and inclusive approach.
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