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Most patients with late-onset neurodegenerative diseases such as Alzheimer’s and Parkinson’s have a complex aetiology resulting
from numerous genetic risk variants of small effects located across the genome, environmental factors, and the interaction between
genes and environment. Over the last decade, genome-wide association studies (GWAS) and post-GWAS analyses have shed light
on the polygenic architecture of these diseases, enabling polygenic risk scores (PRS) to estimate an individual’s relative genetic
liability for presenting with the disease. PRS can screen and stratify individuals based on their genetic risk, potentially years or even
decades before the onset of clinical symptoms. An emerging body of evidence from various research studies suggests that genetic
susceptibility to late-onset neurodegenerative diseases might impact early life outcomes, including cognitive function, brain
structure and function, and behaviour. This article summarises recent findings exploring the potential impact of genetic
susceptibility to neurodegenerative diseases on early life outcomes. A better understanding of the impact of genetic susceptibility
to neurodegenerative diseases early in life could be valuable in disease screening, detection, and prevention and in informing
treatment strategies before significant neural damage has occurred. However, ongoing studies have limitations. Overall, our review
found several studies focused on APOE haplotypes and Alzheimer’s risk, but a limited number of studies leveraging polygenic risk
scores or focused on genetic susceptibility to other late-onset conditions.
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INTRODUCTION
Neurodegenerative diseases (NDDs) are characterised by the
selective and progressive death of neuron populations in specific
brain regions, typically occurring in adults [1]. Parkinson’s disease
(PD), motor neuron diseases (MND), multiple system atrophy
(MSA), Alzheimer’s disease (AD), and frontotemporal dementia
(FTD) are among the most common types of NDDs [2]. Although
NDDs are classified primarily based on their clinical features, the
molecular hallmarks of neural loss and their anatomic distribution
are often used to identify similarities and differences in their
nosology. For example, PD is characterised by the progressive loss
of dopaminergic neurons in the substantia nigra, and the
appearance of intracellular inclusions called Lewy bodies [3]. In
contrast, the molecular pathogenesis of AD is primarily driven by
the accumulation of neurofibrillary tangles and amyloid plaques in
the entorhinal cortex, hippocampus, and basal forebrain [4].
While familial or monogenic mutations in specific genes directly

influence metabolic dysfunction, leading to amyloidosis, tauopa-
thies, TDP-43 proteinopathies, and α-synucleinopathies, NDDs can
also be idiopathic or complex. Complex polygenic forms of NDDs
result from intricate interactions between the effects of environ-
mental factors and hundreds or thousands of genetic risk variants
exerting small individual effects [5]. Genome-wide association
studies (GWAS) are commonly used to study complex forms of

NDDs, enabling the mapping of specific genetic markers. Post-
GWAS analyses can leverage this data to identify high-risk
individuals, which could help develop novel prevention and
treatment strategies [5, 6].
Polygenic risk scores (PRS) estimate an individual’s lifetime

genetic risk for a given phenotype [7]. PRS could help investigate
individuals with a high genetic liability for a specific condition,
which puts them at high risk for developing the disease. Risk can
be ascertained years or decades before the expected onset of
clinical symptoms. Thus, early implementation of PRS could be
valuable in informing the diagnosis and personalised treatment
strategies for NDDs.
The prevalence of the two most common NDDs, AD and PD, is

~5–8% and 2–3% of the worldwide population over 60 years of
age, respectively [8–11]. The number of people diagnosed with
NDDs is expected to triple by 2050 due to population ageing,
posing substantial challenges to the healthcare system, economy,
and society [12]. Therefore, understanding the influences of
genetic susceptibility to these conditions in early life, before overt
symptoms manifest, is critical in developing successful screening
programs and interventions. Studies investigating NDDs can now
investigate the effect of genetic risk factors at different stages of
life, including infants, children, adolescents, young adults, and
adults, and their role in the onset and progression of NDDs. This
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review aims to synthesise the current understanding of the
association between genetic factors associated with NDDs and
phenotypes such as cognitive function, brain structure and
function, and behaviour in different age groups. We also discuss
the limitations of current research on this topic and present
potential research avenues that future studies could explore.

ALZHEIMER’S DISEASE
AD impairs cognitive function and is linked to changes in brain
structure and function. While the ε4 allele of the apolipoprotein E
(APOE4) gene is a well-known genetic risk factor for the
development of sporadic AD, recent GWAS studies have
uncovered dozens of other genetic risk factors, opening the
doors to studying the potential impact of additive genetic risk for
AD on early life.

Effects of AD genetic risk factors on cognitive function in
early life
APOE haplotype. Cognitive decline trajectories likely result from
the additive effects of genetic and non-genetic factors over the
life course. Several studies have focused on the association
between APOE ε4 and cognitive decline in healthy individuals
during early life [13, 14]. APOE ε4 carriers without dementia
exhibit, on average, a more rapid decline in memory, processing
speed, and language functions than non-carriers before the age of
60 [15, 16]. Furthermore, research has shown that healthy ε4
carriers are more likely to experience slight detriments in
educational attainment and IQ performance from childhood to
adolescence compared to non-APOE ε4 carriers [17–21]. Interest-
ingly, Reynolds et al. reported that APOE ε4-associated cognitive
decline was higher in healthy females than healthy males between
6 and 18 years of age, suggesting that differential risks for AD in
females might emerge in earlier stages of development,
particularly for reasoning traits [22]. Additionally, some studies
have observed an association between APOE ε4 in healthy females
among children, adolescents and young adults and lower IQ,
suggesting that this effect may be more pronounced with
increasing age and in certain sex-specific populations [23, 24].
Understanding the impact of genetic factors on long-term

cognitive trajectories is challenging due to the high heterogeneity
of these associations and the disparities in rates of cognitive
decline in early life. Although some studies suggest that patterns
of cognitive changes associated with AD-genetic risk profiles
might be observed early in life, others argue for a broader
perspective, suggesting that cognitive function is not significantly
affected in healthy APOE ε4 carriers [25–27]. However, it should be
noted that other studies have adopted a different perspective,
suggesting that cognitive function may be better in healthy APOE
ε4 carriers [28, 29]. Further research is needed to reconcile these
conflicting findings and provide a comprehensive understanding
of the impact of genetic factors on cognitive trajectories in
early life.
Some studies have reported a slightly lower cognitive function

in young ε4 carriers [30–33], while others have reported no
difference or even higher cognitive performance in young ε4
carriers [34–37]. Following these observations, the antagonistic
pleiotropy hypothesis of APOE ε4 has been proposed, where
individual loci/alleles have different effects on cognitive function
throughout the lifespan [38, 39]. This hypothesis suggests that a
lower or null negative effect may be observed during childhood
and adolescence [40], while an increased positive effect may be
seen in adulthood [35, 37], with significantly higher detrimental
effects observed among the elderly [41]. However, understanding
the complex relationship between APOE and cognitive function in
early life remains controversial.
However, several aspects of the antagonistic pleiotropy

hypothesis of APOE have been questioned. Two meta-analyses

examined associations between seven cognitive domains and
functional differences in executive-frontal neural networks in
younger ε4 and non-ε4 carriers. However, they did not find
evidence to support the ε4 allele as a pleiotropic gene [42, 43].
Taken together, these studies showed that the impact of APOE
genotypes on cognitive function in healthy subjects might
represent a complex pattern in which exposure to adverse non-
genetic factors - such as educational attainment, IQ, sex, ethnicity,
and age - from early in development to late life result in diverse
outcomes. Therefore, further studies investigating the effect of
APOE on cognition at different stages of life in healthy individuals
are required.

AD polygenic risk scores. Combining the additive effects of
common genetic risk variants into a PRS can enable individual
stratification based on their AD risk beyond the APOE genotype
[44]. Recent studies have suggested that cognitive functions
might be affected by AD’s polygenic risk scores (AD-PRS) in early
life [33, 45, 46] study conducted in a cohort of United Kingdom
children revealed a relationship between higher AD-PRS (including
APOE), lower IQ, and poorer academic achievement. However,
removing genetic variants related to educational attainment
attenuated this association, which might indicate the presence
of vertical pleiotropic effects [47]. Recent research has shown that
the association between AD-PRS and educational attainment
might vary depending on the number of APOE ε4 alleles, with a
stronger effect observed in individuals who carry two copies of
the allele. Although there is evidence that educational attainment
could attenuate the effect of the APOE ε4 allele on brain
pathologies with ageing, the biological mechanisms underlying
the effects are still unknown.
In addition, a study including two cohorts of Brazilian children

aged 8–14 years, with a discovery sample from Porto Alegre
(N= 364) and a replication sample from Sao Paulo (N= 352),
revealed an association between increased AD-PRS (including
APOE) and detriment in non-declarative memory tasks perfor-
mance in APOE ε3/ε3 carriers, suggesting that cognitive differ-
ences are not solely driven by the APOE ε4 allele [45]. Moreover,
Axelrud et al. observed that AD-PRS (including APOE) might
impact brain connectivity between the right precuneus and the
right superior temporal gyrus, influencing immediate and delayed
recall [33, 45]. Notably, these regions have been reported to be
affected by the accumulation of tau protein, as identified in
studies by Hoenig et al. In fact, Hoeging et al. identified ten
independently coherent tau pathology networks in AD that were
associated with disease progression. They coincided with highly
functionally connected brain regions such as the precuneus and
cingulate cortex [48]. However, caution is needed in interpreting
causal relationships from these associations and drawing conclu-
sions about the pathways of tau spread through functional
networks, as tau deposition may vary across patients and disease
stages, and other factors such as age and amyloid-β may also play
a role in this process [49].
Verhaaren et al. reported an association of the AD-PRS

(including APOE) with global cognition, memory, and processing
speed in young adults and elderly non-dementia subjects.
However, this correlation was attenuated by excluding APOE ε4
from the risk score, which suggests ε4 carriers might experience
detrimental effects on cognition regardless of any pathological
changes related to AD [46]. Similar findings were observed by
Mormino et al., who reported higher AD-PRS and AD-like ß-
amyloid protein levels in 1322 healthy younger participants
aged 18–33 years. It is noted that this study used a less stringent
significance level inclusion criterion for SNPs in the PRS,
including SNPs below the standard GWAS p-value threshold
(p= 5 × 10−08) [50].
However, the estimation of PRS can be influenced by various

factors, including differences in cognitive measures employed,
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sample demographics, statistical power, inclusion and exclusion
criteria of the APOE genotype, and allelic heterogeneity across
samples. These factors may contribute to inconsistencies in the
findings of previous studies where an attenuated or null effect
of PRS on healthy cohorts in early life was observed. In addition,
Lamballais et al. reported no significant association between the
genetic burden for AD and cognitive performance and change
during childhood [51]. Similarly, other studies did not find
evidence for an association between cognitive performance in
children and AD-PRS or APOE, suggesting that any detrimental
effects of AD-associated genetic risk on cognitive function are
not meaningful until later in life [27, 47].
Despite the observed attenuated AD-PRS in some studies,

consolidating both APOE haplotypes and PRS alongside other
risk factors may enable more accurate risk prediction [52, 53].
The APOE ε4 allele has been implicated in neuropathological
processes such as tau pathology and inflammation. However,
whether and how APOE ε4 affects brain health in non-dementia
aging is unknown. Furthermore, much uncertainty remains
about how these associations develop in children long before
disease onset. Nevertheless, limited available studies suggest
that these associations may have roots in neurodevelopment,
which could open up opportunities for AD risk detection and
intervention long before the onset of the disease [45]. These
advances might facilitate the development of new therapies and
provide insights into how genetic differences impact cognitive
decline progression in both early and late life.

Effects of AD genetic risk factors on brain structure and
function in early life
APOE haplotype. Recent research has delved into the impact of
APOE and AD polygenic risk on brain structure using magnetic
resonance imaging (MRI). Brain development depends on intricate
mechanisms such as the functional specialisation of grey matter
regions and the myelination of white matter connections between
neuronal networks. Notably, it has been hypothesised that
individuals with higher AD risk, particularly APOE ε4 carriers,
may experience brain changes during childhood or early
adulthood, well before the accumulation of β-amyloid in the
brain. This suggests that AD genetic risk may affect postnatal
neurodevelopment during early life.
Large cross-sectional imaging studies have confirmed signifi-

cant differences in brain volume, fractional anisotropy, and
thinning in healthy children and young individuals, particularly
among ε4 and ε2 carriers [21]. Children carrying ε4ε4 were found
to have lower hippocampal fractional anisotropy and thinner
temporal and cingulate isthmus cortices, which were associated
with poorer executive function and working memory. Similarly,
smaller hippocampal volumes and poorer performance on
attention tasks were observed in ε2ε4 children [21]. In line with
previous findings on the influence of APOE phenotypes on brain
development and maturation, Knickmeyer et al. reported that
infants carrying the ε4 allele aged between 1 and 3 months had
lower grey matter volume in lateral and medial temporal,
occipitotemporal, frontal, and precuneus regions, as well as
greater grey matter volume in posterior parietal, occipital, middle
cingulate, and other frontal and precuneus regions [54].
The relationship between APOE ε4 and altered microstructure in

the parahippocampal cingulum bundle (PHCB), a neural pathway
connecting the posteromedial cortex and medial temporal lobe,
has been linked to increased AD risk, notably lower FA and higher
mean diffusivity (MD). However, the mechanisms underlying this
relationship and their contribution to AD pathology remain
unclear. Hodgetts et al. reported an unexpected pattern of higher
FA and lower MD in the PHCB of healthy young ε4 carriers aged
18–26 years, suggesting that this hyper-connectivity may increase
vulnerability to amyloid-β accumulation and/or tau spread in later
life [55]. However, a recent study by Lissaman et al. replicated

Hodgetts et al.’s findings but failed to find statistically significant
effects in the expected direction and even provided evidence
against their presence [56]. Possible explanations for the
discrepancy include false positives in Hodgetts et al.’s study or
an exaggerated effect size due to a small sample size (15/
100 subjects). Although Hodgetts et al.’s study remains relevant
and informative, Lissaman et al.’s findings suggest no clear
evidence to support the notion that APOE ε4-related increases in
structural connectivity between posteromedial cortex and medial
temporal lobe enhance vulnerability to amyloid-β accumulation
and/or tau spread. These findings emphasise the importance of
considering the role of APOE isoforms in neurodevelopmental
processes in healthy subjects when discussing the influence of
genetic factors on AD risk in early life. However, the border
relevance of these findings in early life remains poorly understood.

AD polygenic risk scores. Previous studies have shown that a high
AD-PRS may influence mainly the hippocampus volume and, to a
lesser extent, the morphometry of other brain regions [45, 50, 57].
Specifically, some structural and functional neuroimaging studies
suggest that brain development early in life could be influenced
by several genetic variants across the genome, each contributing
to different extents to a higher risk of AD.
Although numerous studies have examined the relationship

between genetic susceptibility to AD and hippocampal volume,
findings have been inconsistent. A study by Walhovd et al. found
that higher AD-PRS and carrying the APOE ε4 allele were
associated with smaller hippocampal volume from ages 25 up
to 80 in healthy individuals [57]. However, the AD-PRS effect was
not equally associated at all ages among older adults, suggesting
possible age-related differences in the effects of genetic risk [57].
Similarly, a study of cognitively healthy young subjects found that
higher AD-PRS was associated with smaller hippocampal volume
[50]. Consistent with these findings, Axelrud et al. observed a
negative correlation between AD-PRS and hippocampal volume
and further identified the right CA4 and dentate gyrus as the
subregions most strongly associated with AD-PRS in Brazilian
samples [45]. Nonetheless, the findings of these studies highlight
the complexity of the relationship between genetic susceptibility
to AD and hippocampal volume. This association seems to be
stronger in studies during early adulthood than during childhood,
suggesting that the genetic burden for AD becomes more
relevant with age and that there are cumulative processes at
play, which may only become apparent after early life.
Axelrud et al. found that increased connectivity between two

regions vulnerable to tau pathology, the right precuneus and the
right superior temporal gyrus, was associated with inhibitory
control and could be impacted during childhood and adolescence
[33, 45]. These regions have also been proposed as moderators of
the relationship between AD-PRS and memory. Similar findings
were observed in young, healthy adults for AD-PRS and
hippocampal volume. Foley et al. reported decreased left
hippocampal volume and other limbic and paralimbic regions in
healthy young ε4 carriers aged 18–32 years [58]. This association
persisted even after excluding the APOE region from the PRS,
indicating that the genetic risk from variants across the genome is
not specific to late-life processes. In contrast, other studies did not
find a significant effect of the APOE ε4 allele on hippocampal
volume in young, healthy adolescents [33, 45, 51, 59–61]. Taken
together, these results suggest that the development of the
hippocampus may be influenced by the cumulative effect of
common AD-associated genetic variants that affect cognition
across an individual’s lifespan.
The association between genetic risk for AD in early life and

cortical thickness is unclear. For instance, while some studies have
reported a significant association between the entorhinal cortex
(ERC) volume and AD genetic risk, others did not observe an
association between the ERC and parahippocampal gyrus (PHG)
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thickness and AD genetic risk in young, healthy adults [62, 63].
Foley et al. found that a high AD-PRS is associated with a
reduction in fractional anisotropy (FA) in the right cingulum
bundle, which could indicate white matter damage [58].
Additionally, Essers et al. identified a possible modifying effect
of APOE status and the AD-PRS on the association between higher
air pollution exposure during pregnancy and preadolescence and
changes in subcortical and cortical morphology [64]. These
findings suggest that genetic susceptibility to AD in early life
could influence brain structure under specific circumstances or is
unlikely to be clinically relevant. However, further research is
needed to clarify the precise nature of this association.
Overall, the relationship between AD risk and structural and

functional differences in brain structures is complex and may involve
genetic effects on brain structures known to be implicated in the
early stages of AD neuropathology. Although some studies have
reported an association between AD genetic risk and differences in
brain structures, including the hippocampus, entorhinal cortex, and
parahippocampal gyrus, evidence suggests that the APOE genomic
region does not solely drive the effects of genetic risk for AD on brain
structures. However, there is still a need for more neuroimaging
studies that investigate the relationship between high genetic
susceptibility to AD, functional activity and connectivity in the brain,
and structural changes in cortical and subcortical structures early in
development. Currently, the number of studies examining healthy
individuals at different ages still needs to be increased, and future
research should aim to fill this gap.

Relationship between AD genetic risk and early life
environment
There is a growing interest in advancing our understanding of
which environmental factors maximise the impact of AD-
associated genetic variants’ risk.
The impact of genetic factors on cognitive decline is complex

and can be influenced by early-life environmental factors. Several
studies have explored the impact of social environment, lifestyle,
family structure, family/cultural behaviours, and socioeconomic
status (SES) in early childhood on cognitive function in late life. For
instance, Melrose et al. found that lower childhood SES was
associated with a higher rate of global cognitive decline later in
life, irrespective of APOE genotype in a multiethnic sample [65, 66].
On the other hand, some cross-sectional studies suggest that
higher SES in early life is associated with a lower risk of developing
AD in late life [67, 68]. However, prospective studies by Wilson
et al. [69] and Everson-Rose et al. [69, 70] did not find a significant
relationship between early-life SES, cognitive decline, and AD risk
in old age. Despite the valuable insights these studies provide on
the link between early-life environmental factors, genetic suscept-
ibility to AD, and cognitive decline in late life, further research is
needed to fully understand the complex relationships between
these variables. A deeper understanding of these relationships can
inform interventions and strategies to reduce the risk of cognitive
decline and AD in later life.
Air pollution exposure has also been linked to cortical and

subcortical brain structure changes due to neuroinflammation and
oxidative stress in children and pre-adolescents [64, 71, 72]. Exposure
to two pollutants, PMcoarse and polycyclic aromatic hydrocarbons
(PAHs), has been associated with alterations in gene expression in
the brain [73] and higher incidence of neurodevelopmental disorders
[74]. Recent studies have suggested that genetic modifiers, such as
APOE status and AD-PRS, may modify this association. For instance,
Alemany et al. found that higher exposure to PAHs and nitrogen
dioxide (NO2) is associated with smaller caudate among ε4 carrier
children [74, 75]. In contrast, Essers et al. reported that exposure to
PMcoarse during pregnancy and PAHs during childhood was linked
to larger cerebral white matter volume in APOE ε4 carriers than non-
carriers. In addition, PMcoarse exposure during pregnancy was
associated with larger cortical grey matter volume in children with

higher AD-PRS (including APOE) [64]. These findings suggest that
genetic modifiers may protect neurodevelopment in early life against
air pollution exposure and its effects on brain structure. However, the
long-term neurodegenerative impacts of air pollution exposure may
become more apparent later in life, highlighting the need for further
research on the role of genetic modifiers in neurodevelopment.
Recent research has shed light on the potential role of the APOE

genotype in shaping lipid profiles during childhood and its
potential implications for long-term health outcomes. In particular,
children with the ε2 allele have been found to have lower
cholesterol and higher triglyceride levels than ε3 carriers, while ε4
carriers had elevated levels of both [27]. Consistently, Kallio et al.
reported a higher cholesterol and low-density lipoprotein
cholesterol (LDL-c) concentration in cord blood from APOE ε4
compared to ε2 carriers [27, 76]. A recent study has also reported
an association between higher LDL-c levels and PRS-AD in
children ε4 carriers, suggesting the APOE genotype might affect
lipid metabolism in early life, with potential implications for long-
term health outcomes [51]. These findings highlight the need for
further research to fully understand the relationship between
APOE genotype, PRS, and lipid metabolism, particularly consider-
ing the growing evidence linking dyslipidaemia to AD
development.
While positive associations have been identified between

several cardiometabolic risk factors in midlife and AD, with higher
cardiac function [77] and body mass index (BMI) [78], indepen-
dently of the APOE genotype, the mechanisms by which
cardiovascular risk factors may mitigate the risk of AD in those
at high polygenic risk have not been thoroughly described
[79–81]. Only one study has reported a weak association between
AD-PRS and some cardiometabolic risk factors, such as height,
lean mass, triglycerides, insulin, and C-reactive protein during
childhood and adolescence, indicating that the associations with
PRS might emerge later in life [82]. Further research is necessary to
elucidate the potential interplay between APOE genotype, PRS,
cardiovascular risk factors, and AD risk.
Genetic variation in the APOE locus within several populations

revealed nuanced patterns in genotype distribution, allele
frequencies, and heterozygosities. Global investigation of APOE
allele frequencies in 299 populations revealed significant genetic
and geographic variability. Oceania exhibited the lowest frequen-
cies of the APOE ε3 allele, while the Indian population showed the
highest average frequency. There were apparent differences
amongst African populations, with Oceania and Africa having
the most genetic diversity. Interesting aspects, such as the
absence or low prevalence of the ε2 allele in specific populations
and the different distributions of the ε3 and ε4 alleles, were
brought to light by the latitudinal variety of APOE allele
frequencies at different levels [83]. Sigh et al.’s analysis showed
that the APOE allele frequencies had different clines. For example,
the ε4 allele was found to have a consistent north-to-south cline in
Europe but not in other regions [83]. These results highlight the
intricate interplay among genetic drift, location, and historical
selective pressure in modulating APOE polymorphism. Yet, it is
crucial to consider that similar differences may arise for other
genetic risk alleles linked to NDD. These variations may contribute
to differences in prevalence rates and clinical manifestations of
these diseases. Unfortunately, evidence in this area is dearth and
more research is needed to address these gaps in knowledge.

PARKINSON’S DISEASE
PD is the second most common NDD globally, after AD [84].
Diagnosis of PD is typically made through a clinical examination
that covers motor symptoms (MS) and non-motor symptoms
(NMS) [85]. MS include resting tremors, bradykinesia and rigidity,
whereas NMS may include cognitive decline, depression, and the
loss of the sense of smell [86].
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PD-associated genetic factors in early life
Although specific genetic mutations have been associated with
familial PD, most cases are sporadic and have an unclear aetiology.
Recent studies have identified over 20 genes linked with familial
PD and around 90 genetic variants associated with sporadic PD
risk [87]. Most studies on PD-associated polygenic risk scores (PD-
PRS) have focused on disease risk, age of onset, motor
development, and cognitive decline [88].
Only one recent PRS study has examined the relationship

between genetic burden for late-life NDDs, including PD, and
childhood non-verbal IQ, educational attainment, internalising
behaviour, global brain structure, and disease-specific regional
brain structures. This study found no evidence that the genetic
burden for PD affects the same processes during early life [51],
suggesting that the genes implicated in PD aetiology might not
be related to cognitive function. It is essential to consider other
factors that may impact overburdened genetic differences in
susceptibility to PD. However, further studies are needed to
evaluate the genetic burden of PD in healthy individuals at an
early age before the onset of clinical Parkinson’s symptoms to
draw conclusions.
Although brain injuries in early life have been identified as a risk

factor for PD later in life [89], it is still unclear whether any
structural or functional brain changes might occur due to genetic
factors in early life. The structural and functional changes in the
brain associated with PD are believed to result from a complex
interplay between age, environmental factors, and genetic
susceptibility [90]. However, the exact mechanisms underlying
PD pathogenesis remain largely unknown.
As the early stages of life are critical for brain development,

both genetic and non-genetic factors may influence the future
onset of PD. Although the impact of specific PD-associated genetic
variants on brain structure and morphology related to PD
development and progression has been widely studied [91], only
one study has evaluated the association between PD-PRS and the
rate of changes in the brain in a cohort of healthy children aged
9–12 years. This study failed to establish a significant association
between the genetic burden of PD and changes in brain volume
[51]. This inconsistency may be due to ethnic and age-related
differences among the participants. Therefore, it is crucial to
investigate the relationship between PD genetic burden and
changes in brain morphology and function in health during early
life, including racially diverse samples.

PD-associated non-genetic factors in early life
The interplay of age, environmental factors, and genetic suscept-
ibility is believed to play a role in the development of PD [90].
Other non-genetic factors such as educational attainment, IQ,
handedness, sociodemographic factors, and lifestyle variables
such as caffeine intake, iron intake, alcohol consumption, smoking,
and postmenopausal hormones are also considered relevant.
PD has been associated with higher education levels and

occupations that require more education [92, 93], unlike AD,
which has been linked to lower education levels, IQ, and SES
[94, 95]. One study conducted in Sweden found that high
cognitive capacity, as measured by IQ scores, might be associated
with an increased risk of developing PD later in life [96].
Interestingly, the same study proposed that smoking, associated
with reduced risk for PD, may be linked to high IQ. However,
further research is required to validate this connection [96].
The relationship between smoking and PD has been widely

discussed, with some studies suggesting that nicotine and other
compounds in cigarette smoke have a cytoprotective effect
[97–100]. Fardell et al. observed a negative correlation between
smoking and the development of PD and IQ [96]. However,
conflicting findings have also been reported, with some studies
identifying cytoprotection as a potential causal factor for PD
[101, 102]. The cytoprotective properties of nicotine are thought

to be mediated by its ability to activate downstream processes
that reduce neuronal damage through the enzyme SIRT6.
Although SIRT6 is beneficial for cancer cells, its activation may
lead to neuronal death and the development of PD. Nicotine has
been shown to decrease SIRT6 levels, which may provide
neuroprotection [103].
Recent research has suggested that a higher IQ in early life could

be a potential risk factor for developing PD later in life. In contrast,
alcohol and caffeine consumption might have a protective effect
[87, 104–107]. A large prospective study on healthy middle-aged
individuals showed a robust and highly significant inverse relation-
ship between caffeine consumption and PD risk [104]. Similar
findings were observed in case-control studies from various cohorts,
including Germany and Sweden [105], Japan-America [106], and
Rochester [107], suggesting that moderate and chronic caffeine
intake might reduce the PD risk in both healthy individuals without a
history of dementia and PD cases. Caffeine is an antagonist to
adenosine A2A (ADORA2A gene), leading to increased dopamine
neurotransmission and reduced PD risk [108]. Ascherio et al.
investigated the relationship between caffeine intake and PD risk,
revealing a gender difference in the association [104]. Men who
consume caffeine were found to have a lower risk of developing PD,
while the association was U-shaped for women, with those
consuming moderate levels of caffeine observed to have the lowest
risk of PD [104]. Further investigation was carried out to understand if
the use of hormones after menopause affects the association
between caffeine intake and PD risk in women.
Oestrogen levels may influence the risk of PD associated with

caffeine consumption in women. However, it is still unclear if the
neuroprotective ability of oestrogen is the reason for the overall
lower risk of PD in women compared to men [109]. Additionally,
Ascherio et al. revealed a significant correlation between other
cognitive functions, such as verbal, visuospatial, and technical
abilities, and the risk of PD, suggesting that cognitive capacity may
contribute to the disease [96]. These findings highlight the need
for further research on the complex relationship between various
factors and PD risk.

Future perspectives. PRS research has attracted significant atten-
tion due to its ability to identify individuals at high risk for
developing NDDs, based on their genetic susceptibility years
before clinical symptoms appear. Recent advances in genomics
and neuroimaging have facilitated a better understanding of the
genetic factors involved in NDDs and their impact on cognitive
function and brain structure from an early age. PRS has the
potential to revolutionise our understanding of these complex
polygenic forms of NDDs by aiding in screening individuals at
higher risk for disease based on their genetic profile. However,
significant challenges must be addressed to ensure the accuracy
and applicability of PRS.
The accuracy of PRS is influenced by various factors, including the

statistical power of the original GWAS, genetic variants considered,
and demographic variables such as ethnicity and gender. Selecting
an appropriate p-value threshold from GWAS summary statistics is
critical in building PRS. However, the selection criteria for this
threshold vary according to the research question being addressed,
leading to significant heterogeneity in PRS due to differences in the
calculation process. For instance, Mormino et al. revealed a relation-
ship between AD-PRS and AD-like ß-amyloid protein levels in healthy
younger individuals using SNPs below the standard GWAS p-value
threshold (p= 5 × 10−08) [50]. This variability remains a significant
obstacle to the clinical application of NDD-PRS, and further research
is necessary to develop standardised criteria for selecting p-value
thresholds in PRS studies.
Combining APOE haplotypes and PRS with other risk factors could

lead to more accurate AD risk prediction. However, much is still
debated about how AD genetic burden affects cognitive health in
non-dementia patients during early life. Although some research
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suggests that the association between APOE and cognitive decline
might have roots in early life, caution must be exercised in
interpreting causal relationships as various factors such as ethnicity,
age, sex, and the type of cognitive assessment employed can
mitigate the outcome. Additionally, the estimation of PRS can be
biased by differences in cognitive measures, leading to inconsisten-
cies in findings across previous studies considered in this review. One
critical consideration is understanding the accuracy of AD-PRS when
excluding the APOE ε4 allele risk in various healthy cohorts at
different ages.
On the other hand, the development of large-scale GWAS studies

and data-sharing policies have led to the optimisation and updating
of PRS studies to draw robust and informative conclusions about
NDDs. Previous studies have suggested that a high AD-PRS may
primarily affect the hippocampal volume and, to a lesser extent, the
morphometry of other brain regions in early life among healthy
cohorts. However, inconsistencies in findings suggest that other
factors, such as sample size and availability of neuroimaging data
from healthy cohorts of different ages, may influence the relationship
between genetic susceptibility to AD and hippocampal volume.
Future research should prioritise the development of effective

preventive and therapeutic strategies for NDDs, considering the
complex interplay of genetic, environmental, and lifestyle factors. As
most PD cases have an unclear aetiology, further studies are needed
to investigate the relationship between PD genetic burden and other
non-genetic factors in healthy individuals during early life before the
onset of clinical Parkinson’s symptoms.
The application of PRS in the field of NDDs is crucial for drug target

discovery and accurate and robust treatment based on pharmaco-
genetic variants. In the same vein, it would be relevant to consider
the potential ethical implications of using PRS for risk prediction and
how this information may be used in clinical decision-making.
Investing in healthy cohort research and addressing key challenges
can lead to significant advancements in detecting several NDDs.
Such progress can improve the lives of individuals at risk of
developing NDDs and their families.

CONCLUSIONS
In conclusion, the ability of PRS to predict the onset of NDDs may
allow for the early detection of these conditions. It may help
identify people more likely to develop certain diseases based on
their genetic profile. However, significant challenges must be
addressed, such as the low availability of samples from various
cohorts and the high variability of samples. Despite these
obstacles, the growth of more extensive GWAS studies and
data-sharing regulations encourages the optimisation and updat-
ing of NDDs-PRS for making explicit judgments on various NDDs.
Future research should prioritise the development of effective
preventive and therapeutic strategies for NDDs, considering the
complex interplay of genetic, environmental, and lifestyle factors.
Investing in healthy cohort research and addressing key
challenges can lead to significant advancements in detecting
several NDDs, improving the lives of individuals at risk of
developing NDDs and their families.

REFERENCES
1. Dugger BN, Dickson DW. Pathology of Neurodegenerative Diseases. Cold Spring

Harb Perspect Biol. 2017;9. https://doi.org/10.1101/cshperspect.a028035.
2. Lamptey RNL, Chaulagain B, Trivedi R, Gothwal A, Layek B, Singh J. A Review of

the Common Neurodegenerative Disorders: Current Therapeutic Approaches
and the Potential Role of Nanotherapeutics. Int J Mol Sci. 2022;23. https://
doi.org/10.3390/ijms23031851.

3. Bivol S, Mellick GD, Gratten J, Parker R, Mulcahy A, Mosley PE, et al. Australian
Parkinson’s Genetics Study (APGS): pilot (n=1532). BMJ Open. 2022;12:e052032.

4. Lakshmisha Rao Y, Ganaraja B, Murlimanju BV, Joy T, Krishnamurthy A, Agrawal
A. Hippocampus and its involvement in Alzheimer’s disease: a review. 3 Biotech.
2022;12. https://doi.org/10.1007/s13205-022-03123-4.

5. Bush WS, Moore JH. Chapter 11: Genome-Wide Association Studies. PLoS
Comput Biol. 2012;8. https://doi.org/10.1371/journal.pcbi.1002822.

6. Uffelmann E, Huang QQ, Munung NS, de Vries J, Okada Y, Martin AR, et al.
Genome-wide association studies. Nat Rev Methods Prim. 2021;1:1–21.

7. Lewis CM, Vassos E. Polygenic risk scores: from research tools to clinical instru-
ments. Genome Med. 2020;12. https://doi.org/10.1186/s13073-020-00742-5.

8. Kouli A, Torsney KM, Kuan W-L. Parkinson’s Disease: Etiology, Neuropathology,
and Pathogenesis. In: Parkinson’s Disease: Pathogenesis and Clinical Aspects.
Codon Publications, Brisbane, Australia; 2018.

9. Kalia LV, Lang AE. Parkinson’s disease. Lancet. 2015;386:896–912.
10. Ou Z, Pan J, Tang S, Duan D, Yu D, Nong H, et al. Global Trends in the Incidence,

Prevalence, and Years Lived With Disability of Parkinson’s Disease in 204
Countries/Territories From 1990 to 2019. Frontiers in Public Health. 2021;9.
https://doi.org/10.3389/fpubh.2021.776847.

11. Qiu C, Kivipelto M, von Strauss E. Epidemiology of Alzheimer’s disease: occur-
rence, determinants, and strategies toward intervention. Dialogues Clin Neu-
rosci. 2009;11:111.

12. Nichols E, Steinmetz JD, Vollset SE, Fukutaki K, Chalek J, Abd-Allah F, et al.
Estimation of the global prevalence of dementia in 2019 and forecasted pre-
valence in 2050: an analysis for the Global Burden of Disease Study 2019. Lancet
Public Health. 2022;7:e105–e125.

13. Albrecht MA, Szoeke C, Maruff P, Savage G, Lautenschlager NT, Ellis KA, et al.
Longitudinal cognitive decline in the AIBL cohort: The role of APOE ε4 status.
Neuropsychologia. 2015;75:411–9.

14. Reas ET, Laughlin GA, Bergstrom J, Kritz-Silverstein D, Barrett-Connor E, McEvoy
LK. Effects of APOE on cognitive aging in community-dwelling older adults.
Neuropsychology. 2019;33:406–16.

15. Caselli RJ, Dueck AC, Osborne D, Sabbagh MN, Connor DJ, Ahern GL, et al.
Longitudinal modeling of age-related memory decline and the APOE epsilon4
effect. N Engl J Med. 2009;361:255–63.

16. Lipnicki DM, Crawford JD, Dutta R, Thalamuthu A, Kochan NA, Andrews G, et al.
Age-related cognitive decline and associations with sex, education and apoli-
poprotein E genotype across ethnocultural groups and geographic regions: a
collaborative cohort study. PLoS Med. 2017;14:1–21.

17. Arenaza-Urquijo EM, Gonneaud J, Fouquet M, Perrotin A, Mézenge F, Landeau B,
et al. Interaction between years of education and APOE ε4 status on frontal and
temporal metabolism. Neurology. 2015;85:1392–9.

18. Wang H-X, Gustafson DR, Kivipelto M, Pedersen NL, Skoog I, Windblad B, et al.
Education halves the risk of dementia due to apolipoprotein ε4 allele: a colla-
borative study from the Swedish brain power initiative. Neurobiol Aging.
2012;33:1007.e1–7.

19. Logue MW, Panizzon MS, Elman JA, Gillespie NA, Hatton SN, Gustavson DE, et al.
Use of an Alzheimer’s disease polygenic risk score to identify mild cognitive
impairment in adults in their 50s. Mol Psychiatry. 2019;24:421–30.

20. Hagenaars SP, Harris SE, Davies G, Hill WD, Liewald DCM, Ritchie SJ, et al. Shared
genetic aetiology between cognitive functions and physical and mental health
in UK Biobank (N = 112 151) and 24 GWAS consortia. https://doi.org/10.1101/
031120.

21. Chang L, Douet V, Bloss C, Lee K, Pritchett A, Jernigan TL, et al. Gray matter
maturation and cognition in children with different APOE ε genotypes. Neu-
rology. 2016;87:585–94.

22. Reynolds CA, Smolen A, Corley RP, Munoz E, Friedman NP, Rhee SH, et al. APOE
effects on cognition from childhood to adolescence. Neurobiol Aging.
2019;84:239.e1–239.e8.

23. Calderón-Garcidueñas L, Jewells V, Galaz-Montoya C, van Zundert B, Pérez-
Calatayud A, Ascencio-Ferrel E, et al. Interactive and additive influences of
Gender, BMI and Apolipoprotein 4 on cognition in children chronically exposed
to high concentrations of PM2.5 and ozone. APOE 4 females are at highest risk
in Mexico City. Environ Res. 2016;150:411–22.

24. Beydoun MA, Boueiz A, Abougergi MS, Kitner-Triolo MH, Beydoun HA, Resnick
SM, et al. Sex differences in the association of the apolipoprotein E epsilon 4
allele with incidence of dementia, cognitive impairment, and decline. Neurobiol
Aging. 2012;33:720–731.e4.

25. Garcia AN, da Silva HA, Silva RC, Leal EMM, Rodrigues L, da Silva VC, et al. APOE-
ε4 polymorphism and cognitive deficit among the elderly population of Fer-
nando de Noronha. Arq Neuro Psiquiatr. 2008;66:298–302.

26. Bunce D, Anstey KJ, Burns R, Christensen H, Easteal S. Does possession of
apolipoprotein E ɛ4 benefit cognitive function in healthy young adults? Neu-
ropsychologia. 2011;49:1693–7.

27. Taylor AE, Guthrie PAI, Smith GD, Golding J, Sattar N, Hingorani AD, et al. IQ,
educational attainment, memory and plasma lipids: associations with apolipo-
protein E genotype in 5995 children. Biol Psychiatry. 2011;70:152–8.

28. Marchant NL, King SL, Tabet N, Rusted JM. Positive effects of cholinergic sti-
mulation favor young APOE epsilon4 carriers. Neuropsychopharmacology.
2010;35:1090–6.

N.S. Ogonowski et al.

6

Translational Psychiatry          (2024) 14:185 

https://doi.org/10.1101/cshperspect.a028035
https://doi.org/10.3390/ijms23031851
https://doi.org/10.3390/ijms23031851
https://doi.org/10.1007/s13205-022-03123-4
https://doi.org/10.1371/journal.pcbi.1002822
https://doi.org/10.1186/s13073-020-00742-5
https://doi.org/10.3389/fpubh.2021.776847
https://doi.org/10.1101/031120
https://doi.org/10.1101/031120


29. Acevedo SF, Piper BJ, Craytor MJ, Benice TS, Raber J. Apolipoprotein E4 and sex
affect neurobehavioral performance in primary school children. Pediatr Res.
2010;67:293–9.

30. Deary IJ, Whalley LJ, St. Clair D, Breen G, Leaper S, Lemmon H, et al. The
influence of the ε4 allele of the apolipoprotein E gene on childhood IQ, non-
verbal reasoning in old age, and lifetime cognitive change. Intelligence.
2003;31:85–92.

31. Richter-Schmidinger T, Alexopoulos P, Horn M, Maus S, Reichel M, Rhein C, et al.
Influence of brain-derived neurotrophic-factor and apolipoprotein E genetic
variants on hippocampal volume and memory performance in healthy young
adults. J Neural Transm. 2011;118:249–57.

32. Luciano M, Gow AJ, Harris SE, Hayward C, Allerhand M, Starr JM, et al. Cognitive
ability at age 11 and 70 years, information processing speed, and APOE varia-
tion: the Lothian Birth Cohort 1936 study. Psychol Aging. 2009;24:129–38.

33. Axelrud LK, Sato JR, Santoro ML, Talarico F, Pine DS, Rohde LA, et al. Genetic risk
for Alzheimer’s disease and functional brain connectivity in children and ado-
lescents. Neurobiol Aging. 2019;82. https://doi.org/10.1016/j.neurobiolaging.
2019.06.011.

34. Wright RO, Hu H, Silverman EK, Tsaih SW, Schwartz J, Bellinger D, et al. Apoli-
poprotein E genotype predicts 24-month bayley scales infant development
score. Pediatr Res. 2003;54:819–25.

35. Schultz MR, Lyons MJ, Franz CE, Grant, Boake C, Jacobson KC, et al. Apolipo-
protein E genotype and memory in the sixth decade of life. Neurology. 2008;70.
https://doi.org/10.1212/01.wnl.0000286941.74372.cc.

36. Puttonen S, Elovainio M, Kivimäki M, Lehtimäki T, Keltikangas-Järvinen L. The
combined effects of apolipoprotein E polymorphism and low-density lipopro-
tein cholesterol on cognitive performance in young adults. Neuropsychobiol-
ogy. 2003;48:35–40.

37. Nao J, Sun H, Wang Q, Ma S, Zhang S, Dong X, et al. Adverse Effects of the
Apolipoprotein E ε4 Allele on Episodic Memory, Task Switching and Gray Matter
Volume in Healthy Young Adults. Front Hum Neurosci. 2017;11. https://doi.org/
10.3389/fnhum.2017.00346.

38. Han SD, Bondi MW. Revision of the apolipoprotein E compensatory mechanism
recruitment hypothesis. Alzheimers Dement. 2008;4:251–4.

39. Tuminello ER, Han SD. The apolipoprotein e antagonistic pleiotropy hypothesis:
review and recommendations. Int J Alzheimers Dis. 2011;2011. https://doi.org/
10.4061/2011/726197.

40. Liu F, Pardo LM, Schuur M, Sanchez-Juan P, Isaacs A, Sleegers K, et al. The
apolipoprotein E gene and its age-specific effects on cognitive function. Neu-
robiol Aging. 2010;31:1831–3.

41. Wisdom NM, Callahan JL, Hawkins KA. The effects of apolipoprotein E on non-
impaired cognitive functioning: A meta-analysis. Neurobiol Aging. 2011;32:63–74.

42. Ihle A, Bunce D, Kliegel M. APOE ε4 and cognitive function in early life: a meta-
analysis. Neuropsychology. 2012;26:267–77.

43. Weissberger GH, Nation DA, Nguyen CP, Bondi MW, Duke Han S. Meta-analysis
of cognitive ability differences by apolipoprotein e genotype in young humans.
Neurosci Biobehav Rev. 2018;94:49–58.

44. Riaz M, Huq A, Ryan J, Orchard SG, Tiller J, Lockery J, et al. Effect of APOE and a
polygenic risk score on incident dementia and cognitive decline in a healthy
older population. Aging Cell. 2021;20:e13384.

45. Axelrud LK, Santoro ML, Pine DS, Talarico F, Gadelha A, Manfro GG, et al.
Polygenic Risk Score for Alzheimer’s Disease: Implications for Memory Perfor-
mance and Hippocampal Volumes in Early Life. Am J Psychiatry.
2018;175:555–63.

46. Verhaaren BFJ, Vernooij MW, Koudstaal PJ, Uitterlinden AG, van Duijn CM,
Hofman A, et al. Alzheimer’s disease genes and cognition in the nondemented
general population. Biol Psychiatry. 2013;73:429–34.

47. Korologou-Linden R, Anderson EL, Jones HJ, Davey Smith G, Howe LD, Ster-
giakouli E. Polygenic risk scores for Alzheimer’s disease, and academic
achievement, cognitive and behavioural measures in children from the general
population. Int J Epidemiol. 2019;48:1972–80.

48. Hoenig MC, Bischof GN, Seemiller J, Hammes J, Kukolja J, Onur ÖA, et al. Net-
works of tau distribution in Alzheimer’s disease. Brain. 2018;141:568–81.

49. Whitwell JL. Multimodal neuroimaging provides insights into the biology of
Alzheimer’s disease. Brain. 2018;141:326–9.

50. Mormino EC, Sperling RA, Holmes AJ, Buckner RL, De Jager PL, Smoller JW, et al.
Polygenic risk of Alzheimer disease is associated with early- and late-life pro-
cesses. Neurology. 2016;87. https://doi.org/10.1212/WNL.0000000000002922.

51. Lamballais S, Muetzel RL, Ikram MA, Tiemeier H, Vernooij MW, White T, et al.
Genetic Burden for Late-Life Neurodegenerative Disease and Its Association
With Early-Life Lipids, Brain, Behavior, and Cognition. Front Psychiatry. 2020;11.
https://doi.org/10.3389/fpsyt.2020.00033.

52. Licher S, Ahmad S, Karamujić-Čomić H, Voortman T, Leening MJG, Ikram MA,
et al. Genetic predisposition, modifiable-risk-factor profile and long-term
dementia risk in the general population. Nat Med. 2019;25:1364–9.

53. Lourida I, Hannon E, Littlejohns TJ, Langa KM, Hyppönen E, Kuzma E, et al.
Association of Lifestyle and Genetic Risk With Incidence of Dementia. JAMA.
2019;322:430–7.

54. Knickmeyer RC, Wang J, Zhu H, Geng X, Woolson S, Hamer RM, et al. Common
variants in psychiatric risk genes predict brain structure at birth. Cereb Cortex.
2014;24:1230–46.

55. Hodgetts CJ, Shine JP, Williams H, Postans M, Sims R, Williams J, et al. Increased
posterior default mode network activity and structural connectivity in young
adult APOE-ε4 carriers: a multimodal imaging investigation. Neurobiol Aging.
2019;73:82–91.

56. Lissaman R, Lancaster TM, Parker GD, Graham KS, Lawrence AD, Hodgetts CJ.
Tract-specific differences in white matter microstructure between young adult
APOE ε4 carriers and non-carriers: A replication and extension study. Neuro-
image Rep. 2022;2:1–11.

57. Walhovd KB, Fjell AM, Sørensen Ø, Mowinckel AM, Reinbold CS, Idland A-V, et al.
Genetic risk for Alzheimer disease predicts hippocampal volume through the
human lifespan. Neurol Genet. 2020;6:e506.

58. Foley SF, Tansey KE, Caseras X, Lancaster T, Bracht T, Parker G, et al. Multimodal
Brain Imaging Reveals Structural Differences in Alzheimer’s Disease Polygenic
Risk Carriers: A Study in Healthy Young Adults. Biol Psychiatry. 2017;81. https://
doi.org/10.1016/j.biopsych.2016.02.033.

59. Khan W, Giampietro V, Ginestet C, Dell’Acqua F, Bouls D, Newhouse S, et al. No
differences in hippocampal volume between carriers and non-carriers of the
ApoE ε4 and ε2 alleles in young healthy adolescents. J Alzheimers Dis.
2014;40:37–43.

60. Filippini N, MacIntosh BJ, Hough MG, Goodwin GM, Frisoni GB, Smith SM, et al.
Distinct patterns of brain activity in young carriers of the APOE-epsilon4 allele.
Proc Natl Acad Sci USA. 2009;106:7209–14.

61. Prvulovic D, Matura S, Miller J, Scheibe M, O’Dwyer L, Fusser F, et al. O4‐03‐05:
APOE‐ε4 genotype affects brain function without apparent micro‐ and macro-
structural changes in young adults: A multimodal fMRI, DTI and VBM study.
Alzheimers Dementia. 2012;8. https://doi.org/10.1016/j.jalz.2012.05.1650.

62. Killiany RJ, Hyman BT, Gomez-Isla T, Moss MB, Kikinis R, Jolesz F, et al. MRI
measures of entorhinal cortex vs hippocampus in preclinical AD. Neurology.
2002;58:1188–96.

63. Gómez-Isla T, Price JL, McKeel DW Jr, Morris JC, Growdon JH, Hyman BT. Pro-
found Loss of Layer II Entorhinal Cortex Neurons Occurs in Very Mild Alzheimer’s
Disease. J Neurosci. 1996;16:4491–4500.

64. Essers E, Binter A-C, Neumann A, White T, Alemany S, Guxens M. Air pollution
exposure during pregnancy and childhood, APOE ε4 status and Alzheimer
polygenic risk score, and brain structural morphology in preadolescents. Environ
Res. 2023;216:114595.

65. van der Lee SJ, Wolters FJ, Ikram MK, Hofman A, Ikram MA, Amin N, et al. The
effect of APOE and other common genetic variants on the onset of Alzheimer’s
disease and dementia: a community-based cohort study. Lancet Neurol.
2018;17:434–44.

66. Melrose RJ, Brewster P, Marquine MJ, MacKay-Brandt A, Reed B, Farias ST, et al.
Early life development in a multiethnic sample and the relation to late life
cognition. J Gerontol B Psychol Sci Soc Sci. 2015;70:519–31.

67. Hall KS, Gao S, Unverzagt FW, Hendrie HC. Low education and childhood rural
residence: risk for Alzheimer’s disease in African Americans. Neurology.
2000;54:95–9.

68. Moceri VM, Kukull WA, Emanuel I, van Belle G, Larson EB. Early-life risk factors
and the development of Alzheimer’s disease. Neurology. 2000;54:415–20.

69. Wilson RS, Scherr PA, Hoganson G, Bienias JL, Evans DA, Bennett DA. Early life
socioeconomic status and late life risk of Alzheimer’s disease. Neuroepide-
miology. 2005;25:8–14.

70. Everson-Rose SA, Mendes de Leon CF, Bienias JL, Wilson RS, Evans DA. Early life
conditions and cognitive functioning in later life. Am J Epidemiol. 2003;158:1083–9.

71. Mortamais M, Pujol J, van Drooge BL, Macià D, Martínez-Vilavella G, Reynes C,
et al. Effect of exposure to polycyclic aromatic hydrocarbons on basal ganglia
and attention-deficit hyperactivity disorder symptoms in primary school chil-
dren. Environ Int. 2017;105:12–9.

72. Saenen ND, Martens DS, Neven KY, Alfano R, Bové H, Janssen BG, et al. Air
pollution-induced placental alterations: an interplay of oxidative stress, epige-
netics, and the aging phenotype? Clin Epigenet. 2019;11:124.

73. Suades-González E, Gascon M, Guxens M, Sunyer J. Air Pollution and Neu-
ropsychological Development: A Review of the Latest Evidence. Endocrinology.
2015;156:3473–82.

74. Guxens M, Lubczyńska MJ, Muetzel RL, Dalmau-Bueno A, Jaddoe VWV, Hoek G,
et al. Air Pollution Exposure During Fetal Life, Brain Morphology, and Cognitive
Function in School-Age Children. Biol Psychiatry. 2018;84:295–303.

75. Alemany S, Crous-Bou M, Vilor-Tejedor N, Milà-Alomà M, Suárez-Calvet M, Sal-
vadó G, et al. Associations between air pollution and biomarkers of Alzheimer’s
disease in cognitively unimpaired individuals. Environ Int. 2021;157:106864.

N.S. Ogonowski et al.

7

Translational Psychiatry          (2024) 14:185 

https://doi.org/10.1016/j.neurobiolaging.2019.06.011
https://doi.org/10.1016/j.neurobiolaging.2019.06.011
https://doi.org/10.1212/01.wnl.0000286941.74372.cc
https://doi.org/10.3389/fnhum.2017.00346
https://doi.org/10.3389/fnhum.2017.00346
https://doi.org/10.4061/2011/726197
https://doi.org/10.4061/2011/726197
https://doi.org/10.1212/WNL.0000000000002922
https://doi.org/10.3389/fpsyt.2020.00033
https://doi.org/10.1016/j.biopsych.2016.02.033
https://doi.org/10.1016/j.biopsych.2016.02.033
https://doi.org/10.1016/j.jalz.2012.05.1650


76. Kallio MJ, Salmenperä L, Siimes MA, Perheentupa J, Gylling H, Miettinen TA.
Apoprotein E phenotype determines serum cholesterol in infants during both
high-cholesterol breast feeding and low-cholesterol formula feeding. J Lipid Res.
1997;38:759–64.

77. Kennelly SP, Lawlor BA, Kenny RA. Blood pressure and dementia - a compre-
hensive review. Ther Adv Neurol Disord. 2009;2:241–60.

78. Singh-Manoux A, Dugravot A, Shipley M, Brunner EJ, Elbaz A, Sabia S, et al.
Obesity trajectories and risk of dementia: 28 years of follow-up in the Whitehall
II Study. Alzheimers Dement. 2018;14:178–86.

79. Livingston G, Sommerlad A, Orgeta V, Costafreda SG, Huntley J, Ames D, et al.
Dementia prevention, intervention, and care. Lancet. 2017;390:2673–734.

80. Pase MP, Beiser A, Enserro D, Xanthakis V, Aparicio H, Satizabal CL, et al.
Association of Ideal Cardiovascular Health With Vascular Brain Injury and Inci-
dent Dementia. Stroke. 2016;47:1201–6.

81. Samieri C, Perier M-C, Gaye B, Proust-Lima C, Helmer C, Dartigues J-F, et al.
Association of Cardiovascular Health Level in Older Age With Cognitive Decline
and Incident Dementia. JAMA. 2018;320:657–64.

82. Korologou-Linden R, O’Keeffe L, Howe LD, Davey-Smith G, Jones HJ, Anderson
EL, et al. Polygenic risk score for Alzheimer’s disease and trajectories of cardi-
ometabolic risk factors in children. Wellcome Open Res. 2019;4:125.

83. Singh PP, Singh M, Mastana SS. APOE distribution in world populations with
new data from India and the UK. Ann Hum Biol. 2006;33:279–308.

84. Aarsland D, Batzu L, Halliday GM, Geurtsen GJ, Ballard C, Ray Chaudhuri K,
et al. Parkinson disease-associated cognitive impairment. Nat Rev Dis Prim.
2021;7:47.

85. Berg D, Postuma RB, Adler CH, Bloem BR, Chan P, Dubois B, et al. MDS research
criteria for prodromal Parkinson’s disease. Mov Disord. 2015;30:1600–11.

86. Aarsland D, Creese B, Politis M, Chaudhuri KR, Ffytche DH, Weintraub D, et al.
Cognitive decline in Parkinson disease. Nat Rev Neurol. 2017;13:217–31.

87. Funayama M, Nishioka K, Li Y, Hattori N. Molecular genetics of Parkinson’s
disease: Contributions and global trends. J Hum Genet. 2023;68:125–30.

88. Nalls MA, Blauwendraat C, Vallerga CL, Heilbron K, Bandres-Ciga S, Chang D,
et al. Identification of novel risk loci, causal insights, and heritable risk for Par-
kinson’s disease: a meta-analysis of genome-wide association studies. Lancet
Neurol. 2019;18. https://doi.org/10.1016/S1474-4422(19)30320-5.

89. Taylor KM, Saint-Hilaire M-H, Sudarsky L, Simon DK, Hersh B, Sparrow D, et al.
Head injury at early ages is associated with risk of Parkinson’s disease. Parkin-
sonism Relat Disord. 2016;23:57–61.

90. Pang SY-Y, Ho PW-L, Liu H-F, Leung C-T, Li L, Chang EES, et al. The interplay of
aging, genetics and environmental factors in the pathogenesis of Parkinson’s
disease. Transl Neurodegener. 2019;8:23.

91. Tran J, Anastacio H, Bardy C. Genetic predispositions of Parkinson’s disease
revealed in patient-derived brain cells. NPJ Parkinsons Dis. 2020;6:8.

92. Park J, Yoo C-I, Sim CS, Kim HK, Kim JW, Jeon BS, et al. Occupations and
Parkinson’s disease: a multi-center case-control study in South Korea. Neuro-
toxicology. 2005;26:99–105.

93. Teschke K, Marion SA, Tsui JKC, Shen H, Rugbjerg K, Harris MA. Parkinson’s
disease and occupation: differences in associations by case identification
method suggest referral bias. Am J Ind Med. 2014;57:163–71.

94. Frigerio R, Elbaz A, Sanft KR, Peterson BJ, Bower JH, Ahlskog JE, et al. Education
and occupations preceding Parkinson disease: a population-based case-control
study. Neurology. 2005;65:1575–83.

95. Li X, Sundquist J, Sundquist K. Socioeconomic and occupational groups and
Parkinson’s disease: a nationwide study based on hospitalizations in Sweden. Int
Arch Occup Environ Health. 2009;82:235–41.

96. Fardell C, Torén K, Schiöler L, Nissbrandt H, Åberg M. High IQ in Early Adulthood
Is Associated with Parkinson’s Disease. J Parkinsons Dis. 2020;10:1649–56.

97. Allam MF, Campbell MJ, Hofman A, Del Castillo AS, Fernández-Crehuet Navajas
R. Smoking and Parkinson’s disease: systematic review of prospective studies.
Mov Disord. 2004;19:614–21.

98. Allam MF, Campbell MJ, Del Castillo AS, Fernández-Crehuet Navajas R. Parkin-
son’s disease protects against smoking? Behav Neurol. 2004;15:65–71.

99. Quik M, Perez XA, Bordia T. Nicotine as a potential neuroprotective agent for
Parkinson’s disease. Mov Disord. 2012;27:947–57.

100. Tanner CM, Goldman SM, Aston DA, Ottman R, Ellenberg J, Mayeux R, et al.
Smoking and Parkinson’s disease in twins. Neurology. 2002;58:581–8.

101. Kandinov B, Giladi N, Korczyn AD. The effect of cigarette smoking, tea, and
coffee consumption on the progression of Parkinson’s disease. Parkinsonism
Relat Disord. 2007;13:243–5.

102. Wirdefeldt K, Gatz M, Pawitan Y, Pedersen NL. Risk and protective factors for
Parkinson’s disease: a study in Swedish twins. Ann Neurol. 2005;57:27–33.

103. Nicholatos JW, Francisco AB, Bender CA, Yeh T, Lugay FJ, Salazar JE, et al.
Nicotine promotes neuron survival and partially protects from Parkinson’s dis-
ease by suppressing SIRT6. Acta Neuropathol Commun. 2018;6:120.

104. Ascherio A, Zhang SM, Hernán MA, Kawachi I, Colditz GA, Speizer FE, et al.
Prospective study of caffeine consumption and risk of Parkinson’s disease in
men and women. Ann Neurol. 2001;50:56–63.

105. Fall PA, Fredrikson M, Axelson O, Granérus AK. Nutritional and occupational
factors influencing the risk of Parkinson’s disease: a case-control study in
southeastern Sweden. Mov Disord. 1999;14:28–37.

106. Ross GW, Abbott RD, Petrovitch H, Morens DM, Grandinetti A, Tung KH, et al.
Association of coffee and caffeine intake with the risk of Parkinson disease.
JAMA. 2000;283:2674–9.

107. Chu Y-F. Coffee: Emerging Health Effects and Disease Prevention. John Wiley &
Sons, Ames, Iowa, USA; 2012.

108. Chuang Y-H, Lill CM, Lee P-C, Hansen J, Lassen CF, Bertram L, et al. Gene-
Environment Interaction in Parkinson’s Disease: Coffee, ADORA2A, and CYP1A2.
Neuroepidemiology. 2016;47:192–200.

109. Ascherio A, Chen H, Schwarzschild MA, Zhang SM, Colditz GA, Speizer FE. Caf-
feine, postmenopausal estrogen, and risk of Parkinson’s disease. Neurology.
2003;60:790–795.

ACKNOWLEDGEMENTS
LMG-M is supported by a UQ Research Training Scholarship from The University of
Queensland (UQ). MER thanks support from Australia’s National Health and Medical
Research Council (GNT1102821) and the Rebecca L Cooper Medical Research
Foundation (F20231230).

AUTHOR CONTRIBUTIONS
NSO led the review process, conducting literature searches, synthesising findings,
and producing a draft version of the manuscript. LMG-M, ASF, and VF-O contributed
to the review process by providing additional insights, critically evaluating the
literature, and contributing to manuscript revisions. MER conceived the idea and
structure for the article, directed the overall process, and provided guidance
throughout. All authors participated in editing and reviewing, and approved the final
manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to
Miguel E. Rentería.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

N.S. Ogonowski et al.

8

Translational Psychiatry          (2024) 14:185 

https://doi.org/10.1016/S1474-4422(19)30320-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Impact of genetic predisposition to late-onset neurodegenerative diseases on early life outcomes and brain structure
	Introduction
	Alzheimer&#x02019;s disease
	Effects of AD genetic risk factors on cognitive function in early�life
	APOE haplotype
	AD polygenic risk�scores

	Effects of AD genetic risk factors on brain structure and function in early�life
	APOE haplotype
	AD polygenic risk�scores

	Relationship between AD genetic risk and early life environment

	Parkinson&#x02019;s disease
	PD-associated genetic factors in early�life
	PD-associated non-genetic factors in early�life
	Future perspectives


	Conclusions
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




