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Abstract

Deterioration of brain structure and cognitive function occurs as individuals reach advanced
age. The former can be observed through various markers of cerebral small vessel disease on
magnetic resonance imaging (MRI) scans and the later can be assessed by neuropsychological
tests and clinical examinations. In addition, maintaining a favorable cardiovascular health
(CVH) status may contribute to delaying brain aging. Having a higher cognitive reserve (CR)
capacity may contribute to preserving cognitive function even in the presence of brain damage.
In this thesis, we aimed to examine the progression and interrelationships of MRI markers of
structural brain aging and the association between the progression of these markers and
cognitive decline. Furthermore, we aimed to investigate whether maintaining a favorable CVH
status would be related to a slower deterioration of brain structure and whether having a higher
CR capacity would be associated with a lower risk of cognitive deterioration and death. Data
were derived from the population-based Swedish National study on Aging and Care in
Kungsholmen from 2001-2004 to 20162019 and the MRI sub-study from 2001-2003 to
2007-2010.

Study I: This six-year follow-up study showed that the progression rate of cerebral small
vessel disease markers including expansion rates of white matter hyperintensities (WMHs) and
lateral ventricles, incidence of lacunes, and shrinkage rate of gray matter volume, but not the
progression rate of perivascular spaces (PVSs), steadily increased with aging (P < 0.05). The
progression rate of regional WMHs was faster in males than in females and in people without a
university degree than those with a degree (P < 0.05). In addition, a higher load of
microvascular lesions (i.e., WMHs, PVSs, and lacunes) at baseline was related to faster
progression of both microvascular lesions (WMHs and lacunes) and gray matter atrophy (P <
0.05).

Study II: This follow-up study showed that a greater burden of WMHs at baseline was
associated with a faster decline in executive function, letter fluency, perceptual speed, and
global cognition over 15 years (P < 0.05), but not in episodic or semantic memory. The faster
deterioration in category fluency was linked to greater periventricular WMHs at baseline only
in people carrying the APOE-¢4 allele (multivariable-adjusted B-coefficients and 95%
confidence interval [CI]: -0.018, -0.031—-0.004). Accelerated decline in perceptual speed over
15 years was linked to a faster increase in deep and periventricular WMHs during the first six
years, and accelerated decline in executive function and global cognition was linked to a faster
increase in deep WMHs during the first six years (P < 0.05).

Study III: This six-year follow-up study showed that compared to the unfavorable global CVH
profile, the intermediate-to-favorable profiles were associated with a slower accumulation of
WMHs (multivariable-adjusted B-coefficients and 95% CI: -0.019, -0.035— -0.002 and -0.018, -
0.034—-0.001, respectively). Intermediate-to-favorable biological CVH profiles were
associated with a slower WMH increase among people aged 60—72 years, but not in those aged
78 years and above. Furthermore, a higher metabolic genetic risk was linked to a faster



accumulation of WMHs in people with intermediate-to-favorable global or behavioral CVH
profiles, but not in those with favorable CVH profiles (P for both interactions = 0.001).

Study IV: This 15-year follow-up study revealed that a higher composite CR score, which was
estimated from early-life education, midlife work complexity, late-life leisure activities, and
late-life social network, was associated with a reduced risk of transition from normal cognition
to cognitive impairment, no dementia (CIND) (multivariable-adjusted hazards ratio and 95%
CI: 0.78, 0.72—0.85) and death (0.85, 0.79-0.93) and from CIND to death (0.82, 0.73-0.91), but
not from CIND to dementia neither from CIND to normal cognition (P > 0.05). The risk of
transitions from normal cognition to CIND or death did not change after controlling for brain
aging markers, while the risk of transition from CIND to death became not significant.
Furthermore, a higher CR score was associated with a lower risk of transition from CIND to
death among people aged 60—72 years (0.65, 0.54—0.77) while not among those aged 78 years
and above (0.87, 0.75-1.01) (P for interaction = 0.010).

Conclusions: First, the deterioration of brain structure accelerates with advancing age. Cerebral
microvascular lesions are associated with accelerated brain atrophy. Second, WMHs are linked
to an accelerated decline in multiple cognitive domains except memory. A faster accumulation
of WMHs in deep brain regions is associated with an accelerated decline in perceptual speed
and executive function. Third, having a favorable CVH profile is associated with a slower
progression of structural brain aging attributable to metabolic genetic risk. Finally, having a
greater CR capacity might play a crucial role in preserving cognitive health and reducing
mortality rate in the prodromal phase of dementia, independent of brain aging markers. The
association between higher CR capacity and lower likelihood of transition from CIND to death
exists particularly among people in the early stage of older adulthood.

Keywords: structural brain aging, cerebral small vessel disease, cognitive decline, cognitive
phenotypes, cardiovascular health, metabolic genetic risk, cognitive reserve, magnetic
resonance imaging, population-based study.



Sammanfattning

Forsdmring av hjdrnans struktur och kognitiv funktion intréffar nér individer nér hog alder. Den
forstndmnda kan observeras genom olika markorer for cerebral smékéarlssjukdom pé magnetisk
resonanstomografi (MRI) och den senare kan beddmas genom neuropsykologiska tester och
kliniska underskningar. Dessutom kan bibehallande av en gynnsam hjart-kérlhilsa (CVH)
bidra till att forsena hjdrnans aldrande. Att ha en hogre kognitiv reserv (CR) kan bidra till att
bevara kognitiv funktion dven i nirvaro av hjarnskador. I denna avhandling syftade vi till att
undersdka progressionen och sambanden mellan MRI-markdrer for strukturell hjarnaldring och
sambandet mellan progressionen av dessa markorer och kognitiv forsdmring. Dessutom syftade
vi till att undersdka om bibehéllande av en gynnsam CVH skulle vara relaterad till en
langsammare forsamring av hjarnstrukturen och om en hogre CR skulle vara associerad med en
lagre risk for kognitiv forsdmring och dod. Data himtades fran den populationsbaserade
svenska nationella studien om aldrande och vérd i Kungsholmen fran 2001-2004 till 2016—
2019 och MRI-understudien fran 2001-2003 till 2007-2010.

Studie I: Den sexariga uppfoljningsstudien antydde att progressionshastigheten for markorer
for cerebral smakérlssjukdom, inklusive expansionshastigheterna for vita substansens
hyperintensiteter (WMHSs) och laterala ventriklar, férekomst av lakuner, samt
krympningshastigheten for gra substans, med undantag for progressionshastigheten for
perivaskulédra utrymmen (PVSs), stadigt okade med &ldrandet (P < 0,05).
Progressionshastigheten for regionala WMHs var snabbare hos mén &n hos kvinnor och hos
personer utan universitetsexamen jaimfort med de med universitetsexamen (P < 0,05).
Dessutom var en hogre belastning av mikrovaskuldra lesioner (t.ex. WMHs, PVSs och lakuner)
vid baslinjen relaterad till snabbare progression av bade mikrovaskuléra lesioner (WMHs och
lakuner) och gra substansatrofi (P < 0,05).

Studie I1: Den uppfoljningsstudien antydde att en stérre borda av WMHs vid baslinjen var
associerad med en snabbare nedgéng i exekutiv funktion, bokstavsfluens, perceptuell hastighet
och global kognition 6ver 15 ar (P < 0,05), men inte med episodiskt eller semantiskt minne.
Den snabbare forsamringen av kategorifluens var kopplad till storre periventrikulira WMHs
vid baslinjen endast hos personer som bar pad APOE-g4-allel (multivariable-justerade B-
koefficienter och 95 % konfidensintervall: -0,018; -0,031— -0,004). Accelererad nedgéng i
perceptuell hastighet 6ver 15 ar var kopplad till en snabbare 6kning av djupa och
periventrikulira WMHs under de forsta sex aren, och accelererad nedgéng i exekutiv funktion
och global kognition var kopplad till en snabbare 6kning av djupa WMHs under de forsta sex
aren (P <0,05).

Studie ITI: Den sexariga uppfoljningsstudien visade att jimfort med ogynnsamma globala
CVH-profiler var de intermedidra-till-fordelaktiga profilerna associerade med en langsammare
ansamling av WMHs (multivariable-justerade pB-koefficienter och 95% konfidensintervall:
-0,019; -0,035—-0,002 respektive -0,018; -0,034—-0,001). Intermediéra-till-fordelaktiga
biologiska CVH-profiler var associerade med en ldngsammare 6kning av WMHs bland



personer i aldern 60—72 ar, men inte hos de som var 78 ar och dldre. Dessutom var en hogre
metabolisk genetisk risk kopplad till en snabbare ansamling av WMHs hos personer med
intermediéra-till-fordelaktiga globala eller beteendemissiga CVH-profiler, men inte hos de med
fordelaktiga CVH-profiler (P for bada interaktioner = 0,001).

Studie I'V: Den 15-ériga uppfoljningsstudien avsldjade att en hogre samlad CR-poéng, som
berdknades utifran tidig utbildning, arbetskomplexitet under medelaldern, fritidsaktiviteter
senare i livet och socialt nitverk senare i livet, var kopplad till en minskad risk for évergéng
fran normal kognition till kognitiv forsamring, ingen demens (CIND) (multivariable-justerad
riskkvot och 95 % konfidensintervall: 0,78; 0,72—0,85) och dod (0,85; 0,79-0,93), samt fran
CIND till dod (0,82; 0,73—0,91), men inte fran CIND till demens eller fran CIND till normal
kognition (P > 0,05). Risken for 6vergangar frdn normal kognition till CIND eller dod
péaverkades inte av att kontrollera for markdrer for hjarnaldrande, medan risken for 6vergang
fran CIND till dod inte var signifikant. Dessutom var en hogre CR-podng forknippad med en
lagre risk for 6vergang fran CIND till dod hos personer i aldrarna 60-72 ar (0,65; 0,54-0,77)
men inte hos de som var 78 &r och dldre (0,87; 0,75-1,01) (P for interaktion = 0,010).

Slutsatser: For det forsta accelererar forsdmringen av hjarnstruktur med stigande alder.
Cerebrala mikrovaskuldra lesioner &r kopplade till accelererad hjarnvavnadsatrofi. For det
andra a&r WMHs kopplade till en accelererad nedgéng i flera kognitiva omraden forutom
minnet. En snabbare ansamling av WMHs i djupa hjdrnregioner ar associerad med en
accelererad nedgang i perceptuell hastighet och exekutiv funktion. For det tredje 4r det att ha en
fordelaktig CVH-profil kopplat till en 1dngsammare progression av strukturell hjarnaldrande
som kan tillskrivas metabolisk genetisk risk. Slutligen kan en hogre CR spela en avgdrande roll
1 att bevara kognitiv hélsa och minska dodligheten i den prodromala fasen av demens,
oberoende av markdrer for hjérnaldrande. Sambandet mellan hogre CR och ligre sannolikhet
for overgang fran CIND till doden dr speciellt tydligt bland personer i tidiga stadiet av dldre
vuxenliv.

Nyckelord: strukturellt dldrande av hjérnan, cerebral smékarlsjukdom, kognitiv forsdmring,
kognitiva fenotyper, kardiovaskulér hélsa, metabolisk genetisk risk, kognitiv reserv, magnetisk
resonanstomografi, befolkningsbaserad studie.
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Introduction

The aging process leads to the deterioration of both brain structure and cognitive function (1).
Structural brain aging is characterized by specific markers of cerebral small vessel disease on
magnetic resonance imaging (MRI) scans, such as white matter hyperintensities (WMHs),
perivascular spaces (PVSs), lacunes, and brain atrophy (2). WMHs, PVSs, and lacunes are
primarily attributable to microvascular ischemic lesions; brain atrophy indicates mixed cerebral
microvascular and neurodegenerative pathology (3, 4). Exploring the relationships between
these markers is crucial to understanding brain aging, as they exhibit a reciprocal relationship
during the aging process (5, 6). Furthermore, numerous population-based studies have shown
that a greater burden of structural brain aging markers, particularly WMHs, is associated with a
faster decline in various cognitive domains (7, 8), as well as an increased incidence of dementia
(8, 9). It is important to note that structural brain aging is a dynamic process, particularly in
later life (10), and thus, changes in structural brain aging markers such as WMHs should be
investigated in relation to cognitive decline.

In 2010, the American Heart Association proposed seven cardiovascular health (CVH) metrics
aimed at monitoring CVH status and assessing the risk of cardiovascular events (11). The CVH
metrics incorporate both behavioral (smoking, diet habit, physical activity, and body mass
index) and biological (blood pressure, blood cholesterol, and diabetes) factors (11). Population-
based studies have consistently shown that favorable CVH metrics in midlife are associated
with a lower risk of cognitive decline and dementia in late life (12, 13). Accordingly, it is
plausible to hypothesize that the favorable CVH metrics are also related to a slower progression
of structural brain aging. However, there is currently a lack of relevant evidence from
population-based studies to support this hypothesis.

Data from population-based studies have consistently indicated that the higher cognitive
reserve (CR) capacity is associated with a reduced risk of cognitive decline, mild cognitive
impairment (MCI), and dementia in late life (14-17). When examining the transition from
normal cognition to the prodromal phase of dementia (e.g., MCI), it is important to recognize
that the transition is not unidirectional (18-20). Exploring the potential impact of CR capacity
on the dynamic transitions of cognitive states from normal cognition through prodromal phase
of dementia to clinical dementia and death can provide valuable insights into the protective
effects of CR capacity on brain health. Additionally, given that the associations of individual
CR proxies with dementia and MCI may vary depending on age, sex, and genetic susceptibility
(e.g., APOE genotypes) (21-23), it is also important to examine if the association of CR
capacity with transitions across cognitive states and death is influenced by these factors.

In summary, further investigation is warranted to clarify the progression of structural brain
aging markers over time and their interrelationships and to examine the association between
structural brain aging markers, such as the progression of WMHs, and cognitive decline. In
addition, research is warranted to untangle the role of CVH metrics in structural brain aging
and the role of CR capacity in cognitive phenotypes.



1 Literature review
1.1 Structural brain aging and cognitive decline

1.1.1 Imaging markers of structural brain aging

Cerebral small vessel disease (SVD) is a pathological process that affects pial and parenchymal
circulations (e.g., small arteries, arterioles, venules, and capillaries) of brain. People with
cerebral SVD could remain asymptomatic before the onset of clinical stroke, cognitive
impairment, dementia, depression, functional dependency, and even death (24). The specific
markers of cerebral SVD on structural magnetic resonance imaging (MRI) scans include white
matter hyperintensities (WMHSs), perivascular spaces (PVSs), lacunes, and brain atrophy (2).
Such MRI markers are attributed to cerebral microvascular lesions, neurodegenerative damage,
or mixed pathologies (3, 4), and have been extensively utilized as structural indicators of
various brain lesions in brain aging research (5, 25).

WMHs present as hyperintense signals on the fluid attenuated inversion recovery (FLAIR) and
T2-weighted sequences and hypointense signals on the T1-weighted sequence (2). WMHs on
the FLAIR sequence can be quantified via a predefined signal difference between normal white
matter tissues and WMHs (26). Several visual rating scales are also available to semi-
quantitatively evaluate the load of WMHs, such as the Fazekas scale (27), the Scheltens’s scale
(28), and the Manolio scale (29). The Scheltens's rating scale divides the entire brain into
distinct regions, enabling a detailed depiction of the regional distribution of WMHs (28).
Generally, the appearance of WMHs is usually attributed to axonal demyelination, which can
be a result of chronic cerebral ischemia (30). Moreover, the dysfunction of blood-brain barrier
and amyloid aggregation in brain parenchyma will also contribute to the formation and
development of WMHs (31, 32).

PVSs are fluid-filled cavities that mainly surround arterioles and extend from the subarachnoid
space into the brain tissue (2). Normally, PVSs are involved in the exchange of cerebrospinal
fluid and outflux of metabolic wastes in small vessels and are not visible on MRI scans. The
MRI-visible PVSs are mainly due to the dysfunction and dilation of these spaces. These PVSs
appear as round cavities with cerebrospinal fluid intensity when imaged perpendicular to their
course, displaying a diameter of up to 3 mm, or as linear structures when imaged following the
path of the surrounding arterioles (2). The MRI-visible PVSs are predominantly distributed in
the basal ganglia and lobar areas, with a few located in the mesencephalon (33, 34). The load of
MRI-visible PVSs could be evaluated using visual rating scales. These scales involve
reviewing relevant brain regions across multiple slices and recording only the slice with the
highest number of PVSs (35-39), or rating the number of PVSs in all slices for certain regions
(33, 40, 41). Neuropathological studies have indicated that PVSs in basal ganglia may serve as
an indicator of hypertensive arteriopathy, while lobar PVSs are more likely to be associated
with the accumulation of cerebral amyloid in small blood vessels (38, 42, 43).

Lacunes presumed to be of vascular origin are commonly observed on the FLAIR sequence.
They appear as hypointense signals in the center resembling cerebrospinal fluid, surrounded by



a hyperintense rim. These lacunes typically range from 3 to 15 mm in diameter and are located
within the territory of an ischemic or hemorrhagic perforating arteriole (2). The visual rating of
lacunes usually follows the STandards for Reportlng Vascular changes on nEuroimaging
(STRIVE) (2). Lacunes can also be automatically quantified via estimating the intensity and
size of possible lacunes near WMHs and other subcortical tissues (44, 45). Lacunes are
primarily located in centrum semiovale and basal ganglia. Cerebral hypoperfusion and
secondary ischemia in penetrating arterioles may facilitate the formation of lacunes in brain
parenchyma (46). In addition, cerebral amyloid angiopathy may drive the formation and
development of lacunes (47).

Brain atrophy indicates neuronal loss during the aging process or the end-stage manifestation of
cerebral SVD. It usually presents as brain parenchymal loss, ventricular enlargement, and
cortical thinning on the T1-weighted sequence (2). Alzheimer’s disease-relevant brain atrophy
(e.g., medial temporal lobe) reflects the process of neurodegeneration, axonopathy, and tau
phosphorylation (48). Several visual rating scales have been proposed to evaluate the global
and regional brain atrophy, and some have been used in the auxiliary diagnosis of dementia
(49-52). In addition, automated techniques based on spatial normalization and brain
segmentation have been frequently used to estimate volumetric changes of global and regional
brain tissue (53). Brain atrophy may be secondary to cerebral microvascular lesions. For
example, the progressive accumulation of WMHs in brain parenchyma has been associated
with the aggregation of tau protein and the formation of neurofibrillary tangles (54). These
pathological processes can contribute to cerebral cortical thinning and degenerative changes
(55). Moreover, the dilation or dysfunction of PVSs can hinder the clearance of metabolic
waste products in the brain, including amyloid-f (56). This impaired clearance mechanism may
accelerate the deposition of amyloid-f} in cerebral tissues, leading to the synaptic dysregulation
and neuronal loss (57).

1.1.2 Progression of structural brain aging

Post-mortem imaging studies have confirmed that the formation of WMHs and lacunes are
mainly based on microvascular damage in the brain, while regional and global brain atrophy
reflects neurodegenerative or mixed vascular and neurodegenerative pathology (58, 59). The
common pathological mechanisms of SVD markers suggest that various SVD markers may be
correlated in their development and progression. Studying the progression and
interrelationships of these SVD markers could outline the development sequence of brain
aging. Table 1 summarizes the population-based studies that have investigated the
interrelationships of various cerebral SVD markers. For example, the cross-sectional
population-based Kashima Scan Study in Japan reported a correlation of PVSs in basal ganglia
and centrum semiovale with presence of lacunes and greater load of WMHs (60). Apart from
the cross-sectional topological associations, cerebral SVD markers may interact to affect the
progression of each other. For example, the longitudinal Shanghai Aging Study found that
individuals who initially had a higher volume of WMHs experienced a more rapid
accumulation of WMHs and PVSs and exhibited an increased risk of developing lacunes over a
seven-year period (6). The Icelandic Age, Gene/Environment Susceptibility-Reykjavik Study
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found that large PVSs (>3 mm) were associated with a faster progression of WMHs over a
five-year period (5). However, follow-up data are still sparse on the progression of regular
PVSs (<3 mm) and the interrelations between PVSs and other SVD markers in brain aging. In
addition, the population-based cross-sectional study of PROgnostic indicator OF cardiovascular
and cerebrovascular events has found that the greater burden of WMHs is linked to a reduced
gray matter (GM) volume (63). This indicates that microvascular lesions may be connected to
advanced and mixed cerebrovascular and neurodegenerative damage. Accordingly, prospective
cohort studies are necessary to further elucidate the relationship between imaging markers of
microvascular lesions and subsequent mixed cerebrovascular and neurodegenerative changes.
Furthermore, the same cerebral SVD marker can reflect varying etiopathological mechanisms
depending on their locations (42, 43, 54, 64, 65). For instance, WMHs in the subcortical and
deep regions may be due to cerebral arterial dysfunction, whereas WMHs in the periventricular
regions are mainly attributable to demyelination (64, 66). Therefore, it is crucial to take into
account the regional distribution of SVD markers when examining the interrelationships and
progression of these markers.

1.1.3 Cognitive change and phenotypes in aging

Cognitive aging refers to the insidious cognitive deteriorations along with increase in
chronological age. Cognitive phenotypes in aging range from the normal age-related cognitive
deterioration through mild cognitive impairment (MCI) to dementia. Specifically, the definition
of MCI usually requires subjective cognitive complaints or objective cognitive impairment in at
least one domain, preserved global cognitive functioning, preserved daily living activity, and
free of dementia (67, 68). Individuals with MCI experience cognitive impairment which is
greater than what is expected for their age and educational levels but does not meet the criteria
for dementia (67, 68). Apart from MCI, a broader definition of cognitive impairment, no
dementia (CIND) has been proposed for individuals who meet the criteria for MCI as well as
those who are cognitively impaired but do not meet all the criteria for MCI (68). The definition
of CIND requires objective impairment in at least one cognitive domain and free of dementia
(68). It is possible for individuals with MCI or CIND to reverse to normal cognition or further
progress to the clinical stage of dementia later in life (69, 70).

It is worth noting that not all older adults experience significant cognitive impairment or
dementia. In fact, many older adults maintain their cognitive abilities well into old age or only
experience a minor cognitive decline. To objectively measure cognitive functioning in the
cognitively unimpaired population, a comprehensive cognitive test battery is recommended.
Brief cognitive tests, such as the Montreal Cognitive Assessment and the Mini-Mental State
Examination (MMSE), can be used to evaluate global cognitive function (71). A
neuropsychological test battery can be used to evaluate performance in specific cognitive
domains, such as memory, executive function, processing speed, and language ability (72).
Data from both population-based and clinic-based cohort studies have indicated that the
cognitive decline in global and specific domains occurs before the onset of dementia.
Moreover, these studies have revealed that different rates of cognitive decline and specific
domains exhibiting decline are associated with diverse cognitive outcomes (72-75). For



example, the follow-up data from the Religious Orders Study and the Rush Memory and Aging
Project indicated that individuals with amnestic MCI experienced a more rapid global cognitive
decline compared to those with non-amnestic MCI (73). Likewise, data from the population-
based Swedish National study on Aging and Care in Kungsholmen (SNAC-K) suggested that a
faster decline in performance of multiple cognitive tests, including memory, verbal fluency,
perceptual speed, and executive function, was related to a higher risk of dementia in six years
(75). Furthermore, the clinic-based Amsterdam Dementia Cohort found that the onset of
Alzheimer's disease was associated with decline in all examined cognitive domains, including
memory, language, attention, executive and visuospatial functioning, and global cognition. On
the other hand, the onset of vascular dementia was only associated with decline in attention and
executive functioning (74). Therefore, studying performance and changes in various cognitive
domains could predict cognitive outcomes and identify individuals at risk of cognitive
impairment.

The rates of global and domain-specific cognitive decline among older adults are highly
heterogeneous and are influenced by demographic factors and genetic predisposition (e.g.,
APOE genotypes) among older adults (76-79). For example, an Italian cohort comprising two
population studies found that global cognitive decline was typically evident after the age of 85
years, and that cognitive decline in executive function and motor speed usually accelerated
after the age of 75 years (77). In addition, the Preclinical Alzheimer's Disease consortium
analyzed harmonized data from five longitudinal cohort studies and found that the presence of
APOE-¢4 allele was associated with a faster decline in global cognition, executive function, and
episodic memory (78). Therefore, it is necessary to consider these demographic and genetic
factors when investigating the decline in various cognitive domains.

1.1.4 Structural brain aging and cognitive decline

Associations of greater burdens of cerebral SVD markers (e.g., WMHs, PVSs, and brain
atrophy) with a higher risk of dementia have been frequently reported in cohort studies (8, 80-
83). Data from cohort studies have also demonstrated the cognitive influence of cerebral SVD
on multiple domains, particularly in processing speed (84, 85). For instance, data from the
Lothian Birth Cohort 1936 suggested that a heavier burden of cerebral SVD markers, including
WMHs, PVSs, lacunes, and microbleeds was associated with a faster decline in processing
speed but not in verbal memory or visuospatial ability (84). Similarly, the data from the multi-
center Leukoaraiosis and Disability study suggested that a heavier burden of cerebral SVD,
including WMHs and lacunes, was linked to a more pronounced decline in psychomotor
functioning and processing speed. However, no association was observed between burden of
SVD and deterioration of episodic or working memory (85). Furthermore, given the different
neuropathological mechanisms underlying the formation of individual cerebral SVD markers, it
is also plausible that these SVD markers might have different impacts on different cognitive
domains.

Among the markers of cerebral SVD, WMHs have been most widely examined in the
association with cognitive decline and dementia. In terms of the neuropathological mechanism



underlying the development of WMHs, axonal loss and demyelination are usually attributed to
cerebral microvascular ischemia, dysfunction of the blood-brain barrier, and cerebral amyloid
angiopathy (30-32). Specifically, the underlying etiologies and neuropathological processes
leading to WMHs may vary depending on the involved brain regions (64, 66). Consequently,
exploring the associations of WMHs across different brain regions with domain-specific
cognitive performance could provide valuable insights into the underlying neuropathological
mechanisms responsible for decline in those domains. Furthermore, findings from the SNAC-K
MRI cohort have suggested that markers of microvascular lesions (e.g., WMHs) are associated
with global cognitive decline, and that the presence of APOE-g4 could exacerbate this decline
(86). However, the interplay between the burden of WMHs and APOE genotypes on domain-
specific cognitive changes in the general population has yet to be fully explored.

The dynamic nature of structural brain aging markers, such as WMHs, suggests that their loads
can change over time. For example, the progression, relative stability, or even regression of
WDMHs have been observed over time (4). These dynamic changes of WMHs may be correlated
with changes in different cognitive outcomes. A meta-analysis, which synthesized data from
population-based cohort studies with follow-up periods shorter than five years, found a
correlation between progression of WMHs and accelerated cognitive decline in general
intelligence, attention, and executive functioning (87). However, long-term (>10 years)
longitudinal relationships between the progression of global and regional WMHs and declines
in specific cognitive domains remain to be characterized.

1.2 Cardiovascular health and structural brain aging

1.2.1 Cardiovascular health metrics

The modifiable cardiovascular risk profiles include behavioral risk factors (e.g., heavy alcohol
consumption, tobacco use, physical inactivity, imbalanced diet, and obesity), biological risk
factors (e.g., high cholesterol level and high blood pressure), and socioeconomic factors (e.g.,
low education and household income) (88, 89). Over the past decades, numerous population-
based studies have linked these modifiable cardiovascular risk factors over the lifespan with
dementia (90, 91). Given that these risk factors often coexist in middle-aged and older adults,
several composite measures of cardiovascular risk factor burden have been developed and
validated for predicting risk of cardiovascular events. For example, the sex-specific
Framingham General Cardiovascular Risk Score was initially proposed in 1998 and then
updated in 2008 (92, 93). The Cardiovascular Risk Factors, Aging and Dementia score in
midlife was introduced in 2006 (94). In 2010, the American Heart Association (AHA) proposed
seven cardiovascular health (CVH) metrics that include four behavioral metrics (smoking,
physical activity, diet habit, and body mass index) and three biological metrics (total
cholesterol, blood pressure, and plasma glucose) for assessing an individual's CVH status.
Evidence has emerged that favorable CVH metrics are associated with reduced risks of
cardiovascular events and cardiovascular mortality (95, 96). Therefore, the AHA's composite
CVH metric approach emphasizes the protective effect of healthy behavioral and biological
CVH indicators on late-life health.
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1.2.2 Cardiovascular health, genetic susceptibility, and structural brain aging

Having favorable levels of the seven CVH metrics may not only reduce the risk of
cardiovascular events, but also promote brain health during the aging process, such as reducing
the risk of cognitive decline and dementia (12, 97-99). In terms of the relationship between
individual CVH metrics and structural brain aging, previous cohort studies have indicated that
healthy behaviors, such as regular physical activity and healthy diet, are associated with a larger
brain volume and a lower load of WMHs in older adults (100, 101). In addition, cross-sectional
data from the population-based Northern Manhattan Study have shown that adherence to an
ideal level across the seven CVH metrics is related to less cerebral microvascular and
neurodegenerative lesions, including a lower WMH volume, fewer silent brain infarcts, and a
larger cerebral volume (102). Despite the promising findings, evidence is still lacking regarding
the longitudinal associations between ideal composite CVH metrics and subsequent structural
brain health in older adults, which could provide stronger evidence for the role of favorable
CVH metrics in maintaining brain health.

The relationships of CVH metrics with structural brain aging are likely to be affected by
demographic and genetic factors. Indeed, evidence from population-based SNAC-K study
indicates that the association between favorable CVH metrics and decreased risk of dementia
does not appear to remain consistent for individuals in later stage of older adulthood (> 78
years) (98). Thus, it is plausible to hypothesize that the relationships between CVH metrics and
brain aging differ across various age groups. Furthermore, some susceptibility genes to
metabolic risk factors are linked to structural brain aging. For example, the APOE gene related
to dyslipidemia and the ACE gene for hypertension are associated with the development of
WMHs (103, 104). Thus, it is reasonable to consider that vascular brain aging may be partly
driven by the interplay between metabolic genetic predisposition and CVH metrics.
Understanding the interaction between genetic predisposition and modifiable CVH metrics may
provide insight into the development of personalized intervention strategies for healthy brain

aging.
1.3 Cognitive reserve, brain aging, and cognitive outcomes

1.3.1 Cognitive reserve

A meta-analysis of positron emission tomography imaging studies has indicated that brain
amyloid deposition is prevalent in individuals without dementia, and that the initial
development of cerebral amyloid aggregation may occur decades before the onset of dementia
(105). These findings suggest that certain mechanisms may counterbalance the impact of
cerebral amyloid pathology, leading to the proposal of cognitive reserve (CR) to explain such
compensatory effects (106). CR refers to the brain's ability to compensate for pathological
changes that may lead to cognitive decline (107). Currently, the CR capacity can be measured
using either the activity-based method or the residual-based method (15, 107). The activity-
based CR capacity can be measured by incorporating the richness of intellectually stimulating
activities, such as educational attainment, occupational complexity, social engagement, and
mentally demanding activities (107-109). On the other hand, the residual-based CR capacity is



defined as the difference between observed and predicted levels of cognitive functioning, with
the latter estimated from age, sex, and the given level of observed brain integrity (15).
Strengthening CR capacity could be an important intervention strategy to slow down cognitive
decline and delay the onset of dementia.

1.3.2 Cognitive reserve and cognitive phenotypes in aging

Population-based studies have linked the high level of CR capacity with lower risks of MCI
and dementia as well as slower cognitive decline in late life (14-17). Most of these studies
predominantly investigated the unidirectional cognitive progression from normal cognition to
CIND or from non-dementia to dementia in relation to CR capacity. However, prospective
cohort studies have recently shown that a substantial proportion of individuals experience
fluctuations across cognitive states in the prodromal stage of dementia in late life, particularly
between normal cognitive function and MCI (18-20). These dynamic transitions of cognitive
states shall be considered when assessing the changes of late-life cognitive health, as they may
affect the trajectories of cognitive decline and the potential benefits of CR. In addition, it is also
crucial to considering the transition from different cognitive states to death because cognitive
impairment or dementia is associated with a higher mortality (110).

Furthermore, the potential relationship between individual CR indicators and cognitive
phenotypes might vary by demographic factors and APOE genotypes (21-23). For instance,
data from the Mayo Clinic Study of Aging indicated that late-life social activities were
associated with a lower risk of MCI in individuals carrying the APOE-¢4 allele, but not in non-
carriers (23). However, the interplay of CR capacity with certain demographic factors and
APOE genotypes on the transitions across various cognitive states and death remains unclear.
Furthermore, data from the Washington Heights/Hamilton Heights Inwood Columbia Aging
Project showed that at any given level of domain-specific cognitive performance, individuals
with higher CR capacity were able to tolerate more cerebrovascular pathology (i.e., WMHs)
compared to those with lower CR capacity (111). In addition, data from the population-based
Shandong Yanggu Study of Aging and Dementia indicated that for any given level of global
cognition, people with higher level of CR could tolerate more neurodegenerative pathology
(i.e., lower hippocampal volume) (112). Therefore, it is worthwhile to investigate whether the
relationship between CR capacity and cognitive phenotypes varied by age, sex, or APOE-g4
status, and load of brain pathologies.

1.4 Knowledge gaps

By reviewing the current literature, we identified the following knowledge gaps.

= s the progression of MRI markers of cerebral SVD varying by demographic factors and are
these markers interrelated in their progression in older people?

= Do the severity and progression of WMHs interact with APOE genotypes to be differentially
associated with the functioning of various cognitive domains?

= Are favorable CVH metrics associated with slow progression of structural brain aging and
do favorable CVH metrics counteract the detrimental impact of genetic susceptibility to
metabolic risk factors on structural brain aging?
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= Is CR capacity associated with transitions across cognitive states and death in older adults
while taking into account age, sex, APOE genotypes, and structural brain pathologies?



2 Research aims

The overall goal of this doctoral project is to investigate the progression of structural brain
aging and its relationship with cognitive decline, and to untangle the role of CVH metrics in
structural brain aging and the role of CR capacity in cognitive decline. We will be able to
achieve the overall goal by carrying out four individual studies, in which specific aims and
research questions are outlined below in Figure 1.

Metabolic genetic

susceptibility

Study Il y 4
Favorable [V 4
LTy 4/ Studyl Study IV

“N Cognitive decline

Age and aging

Figure 1. Research aims of the individual studies in the doctoral project.

Note: Abbreviations: CVH, cardiovascular health; CIND, cognitive impairment, no dementia.
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Study I: We aimed to describe the progression and interrelationships among various
MRI markers of cerebral SVD in older adults. Specifically, we sought to describe the
progression of WMHs, PVSs, lacunes, and volumes of GM and lateral ventricles over
time and investigate whether a heavier load of microvascular lesions at baseline
(WMHs, PVSs, and lacunes) would be related to a faster accumulation of microvascular
lesions and mixed microvascular and neurodegenerative lesions (GM atrophy and
enlargement of lateral ventricles).

Study II: We aimed to examine the association of the load and dynamic change of
WMHs with decline in multiple cognitive domains. Specifically, we sought to
investigate the interaction between baseline load of WMHs and APOE genotypes in
determining cognitive decline in different domains and whether a faster accumulation of
WMHs over time was related to faster decline in specific cognitive domains.

Study I11: We aimed to explore the interplay of composite CVH metrics with metabolic
genetic predisposition on the progression of structural brain aging. Specifically, we
sought to investigate whether favorable CVH metrics and lower metabolic genetic risk
were associated with a slower accumulation of structural brain aging markers and



whether CVH metrics could interact with metabolic genetic risk to affect the
progression of structural brain aging.

Study IV: We aimed to investigate the association of lifelong CR capacity with
transitions across cognitive states and death in older adults while taking into account
age, sex, APOE genotypes, and load of pathological brain aging.



3 Materials and methods

3.1 Study population

Data in this doctoral project were derived from the ongoing population-based SNAC-K study
and the SNAC-K MRI sub-study (https://www.snac-k.se/) (25). In brief, SNAC-K is a
multidisciplinary study of aging and health focusing on people aged 60 years and older in the
Kungsholmen district of Stockholm, Sweden. In 2001-2004, 5,111 persons aged 60, 66, 72, 78,
81, 84, 87, 90, 93, 96, and 99 years or older, were randomly selected and invited to participate
in the baseline examinations. Out of the 5,111 individuals, 262 could not be contacted, 200 died
before the examination, 59 were non-Swedish speakers or deaf, or moved away, leaving 4,590
eligible for the examinations. Out of the 4,590 individuals, 1,227 refused to participate, leaving
3,363 participants (response rate 73.3%) in the baseline examination. The follow-up
examinations were performed every six years for participants aged 60—72 years and every three
years for those aged >78 years, as shown in Figure 2. Out of the 3363 participants at baseline,
555 non-institutionalized and MRI-eligible participants (free of disability, claustrophobia, and
metallic material in the body) consented to undergo structural brain MRI examinations in
2001-2003, which constituted the SNAC-K MRI cohort (25). The follow-up MRI scans were
conducted in 2007-2010 for participants aged 60—72 years and in 2004—2007 and 2007-2010
for those aged >78 years, according to the overall follow-up scheme of SNAC-K.

Age at Baseline

60 CLO C12
66 CL.0 1:CL2 . C13
72 CLo Bl e; b B4 (o) <) ClL4 sk
Ongoing
78 CLO - CL3 Cl4 C1.5
81+ Cc1o | Cl3 Cl4 C15
cose | r ' ; 1 t f

years 2001 2004 2007 2010 2013 2016 2019

C.0=Baseline €.2=2nd follow-up C.3=3rd follow-up C.4=dth follow-up ~ C.5=5th follow-up

Figure 2. Timeline of data collection in the Swedish National study on Aging and Care in
Kungsholmen.

3.2 Analytical samples

Figure 3 shows the flowchart of study participants in the four individual studies included in
this doctoral project. Analytical samples for Study I, Study II, and Study III were derived from
the SNAC-K MRI cohort. In Study I, a total of 325 participants in the SNAC-K MRI cohort
who were dementia-free at baseline were included for analyzing the progression and inter-
relationships of MRI markers of brain aging. In Study II, a total of 510 participants who were
free of dementia and who had brain MRI data at baseline were included for analyzing the
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relationship between baseline load of WMHs with cognitive decline; and 325 for analyzing the
relationship between annual change of WMH loads over the first six-year follow-up period
with cognitive decline over the 15-year period. In Study III, a total of 267 participants who
were dementia-free and had data on baseline CVH metrics and follow-up brain MRI markers
were included, for analyzing the association of CVH metrics with markers of structural brain
aging. Likewise, 284 were included for analyzing the association of metabolic genetic risk
score with structural brain aging; and 234 for analyzing the interplay of CVH metrics with
metabolic genetic risk score on structural brain aging. The analytical samples for Study IV were
derived from the combination of the whole SNAC-K study and the SNAC-K MRI sub-study. A
total of 2,632 participants were involved for analyzing the association of lifespan CR capacity
with transitions across cognitive states and death, while taking into account age, sex, and APOE
genotypes; out of them, 517 from the SNAC-K MRI cohort were involved for addressing
whether the above association was independent of pathological brain aging markers.

3.3 Data collection and assessment

At baseline, we collected data on demographics (e.g., age, sex, years of education, and
occupation), lifestyles (e.g., smoking, alcohol consumption, physical activity, diet habits,
leisure activity, and social network), cardiovascular risk factors and diseases (e.g., body mass
index, blood pressure, blood cholesterol, and ischemic heart disease), MRI markers of
structural brain aging, and cognitive functioning through in-person interviews, clinical
examinations, testing, laboratory tests, neuropsychological examinations following a structured
questionnaire as well as structural brain MRI examinations, as previously described (113, 114).

3.3.1 Brain MRI data

All eligible participants were scanned on a 1.5-Tesla system (Philips Intera, The Netherlands).
The core MRI sequences included a 3D axial T1-weighted sequence (resolution: 0.94x0.94x1.5
mm; no gap; repetition time, 15 ms; echo time, 7 ms), a proton-density/T2-weighted sequence
(resolution: 0.98x0.98x3 mm; no gap; repetition time, 3995 ms; echo time, 18/90 ms; echo-
train length, 6), and a FLAIR sequence (resolution: 0.90%0.90x6 mm; gap between slices:
Imm; repetition time, 6000 ms; echo time, 100 ms; inversion time, 1900 ms; echo-train length,
21). The same scanner, sequences and parameters were used for MRI scans at baseline and
follow-up examinations (115).

A neuroimaging analyst (G.K.) manually drew WMHs on FLAIR images and then
automatically estimated the global WMH volume through interpolating WMHs on the
respective T1-weighted images, using MRIcron (https:/www.nitrc.org/projects/mricron) (86).
The global WMH volume was log-transformed due to skewed distribution. G.K. preprocessed
the T1-weighted images using the Statistical Parametric Mapping 12
(https://www.fil.ion.ucl.ac.uk/spm/), implemented in Matlab R2012b (The MathWorks Inc.) for
assessing total GM and total intracranial volumes. G.K. assessed the lateral ventricular volumes
using the toolbox of Automatic Lateral Ventricle delineatioN
(https://sites.google.com/site/mrilateralventricle/home ). The hippocampal volume was
automatically assessed in the Freesurfer Version 5.1 (https://surfer.nmr.mgh.harvard.edu/),
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using the T1-weighted images (15). The volumes of GM, lateral ventricles, and hippocampus
were all adjusted for the total intracranial volume using the linear regression (116).

A trained rater (Y.L.) visually evaluated WMHs, PVSs, and lacunes at baseline and follow-ups,
without knowledge of the participants’ clinical characteristics. WMHs were identified on
FLAIR images as hyperintense signals (2), and scored separately in the frontal lobe, parieto-
occipital lobe, temporal lobe, basal ganglia, sub-insular region, mesencephalon, pons, and the
frontal and occipital caps, and the bilateral bands of the lateral ventricles in both hemispheres
separately, following a modified Scheltens’ scale (115). For each of these anatomical areas,
WMH scores from both hemispheres were summed. The lobar WMH score was calculated as
the sum of WMH scores in frontal, parieto-occipital, and temporal lobes (score range: 0-36);
the deep WMH score as the sum of scores in the basal ganglia (thalamus, internal capsule,
globus pallidus, and putamen) and sub-insular territory (external capsule, claustrum, and
extreme capsule) (0—24); the infra-tentorial WMH score as the sum of scores in
mesencephalon and pons (0—12); the periventricular WMH score as the sum of scores in the
frontal and occipital caps and the bilateral bands of the lateral ventricles (0—12). We did not
include infra-tentorial WMH score when analyzing regional WMHs due to the very few
WMHs and the skewed distribution (83% had no infra-tentorial WMHs). The global WMH
score was calculated as the sum of lobar, deep, infra-tentorial, and periventricular WMH scores
(0-79). The correlation coefficients between global WMH score (by Y.L.) and global WMH
volume (by G.K.) were 0.72 at baseline, 0.77 at the third-year follow-up, and 0.76 at the sixth-
year follow-up.

The number of PVSs was counted in each hemisphere separately, following a previously
validated protocol (35). For each brain region, PVSs in the slice with the highest numbers were
recorded. PVSs on the axial T2-weighted images were counted separately in the frontal lobe,
parieto-occipital lobe, cerebellum, mesencephalon, and hippocampus. The counting of PVSs in
the basal ganglia and sub-insular region followed the same method, which involved utilizing
the axial T1-weighted images rather than the T2-weighted images. It was due to the fact that the
T1-weighted images offered a more pronounced contrast between intensities of PVSs and
background tissues in comparison to the T2-weighted images, in the basal ganglia and sub-
insular region. The lobar PVS count was calculated as the sum of PVSs in the frontal and
parieto-occipital lobes (count range: 6—-136), the deep PVS count as the sum of PVSs in the
basal ganglia, sub-insular area, and hippocampus (7-64), and the infra-tentorial PVS count as
the sum of PVSs in mesencephalon and cerebellum (0-11). We excluded the infra-tentorial
PVS count from our analysis of regional PVSs due to the limited count of infra-tentorial PVSs
and their skewed distribution (84% had infra-tentorial PVS count < 5). The global PVS count
was calculated as the sum of lobar, deep, and infra-tentorial PVS counts (22—-178).
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Lacunes were identified on the FLAIR sequence as a central cerebrospinal fluid-like
hypointense signal with a surrounding rim of hyperintense signals (2). Lacunes without a
hyperintensity rim were differentiated from PVSs based on the size criteria of 3 mm, as
recommended by the STRIVE consortium (2). Both the number and location of lacunes were
recorded. We dichotomized lacunes as absence versus presence because the distribution of
lacunar count was heavily right skewed (79% had no lacune). We defined prevalent lacune as
any lacune identified at baseline. We considered any newly emerged lacune detected on the
follow-up images as an incident lacune. Figure 4 shows the example images for visual
assessment of WMHs, PVSs, and lacunes.

The rater (Y.L.) re-evaluated brain images of 30 randomly chosen participants one month after
the initial assessment, focusing on WMHs, PVSs, and lacunes. The results showed high
correlation coefficients of 0.93 for the global WMH score and 0.91 for the global PVS count.
Additionally, the weighted k value for lacunes was 0.81, indicating good intra-rater reliability.

3.3.2 Assessment of cognitive function

We used a neuropsychological test battery to assess cognitive performance at baseline and
follow-ups according to standardized procedures (117). We assessed functioning of the
following six cognitive domains: Episodic memory was assessed using tests of word recall and
recognition. In the free recall test, 16 unrelated words (e.g., carrot, ring, fork) were presented
visually and orally to participants. After presentation, participants were asked to recall as many
words as possible. The outcome score was the total number of correctly recalled words within 2
minutes. Immediately following free recall, a recognition test was administered. This
recognition test involved the presentation of 32 nouns including 16 target words and 16 lures,
and participants were asked to determine whether the word had been presented during the free
recall test. The outcome score was number of correct recognitions minus number of false
recognitions (118). Semantic memory was assessed using a 30-item vocabulary task, where
participants were instructed to underline the word representing the synonym of each target
word. The outcome score was the total number of correct responses within 7 minutes

(119). Verbal fluency was assessed by both letter and category fluency. Participants were
asked to generate as many words as possible cued with a specific letter (“F” and “A”) or
category (“animals” and “professions”) within 60 seconds. The outcome scores for letter and
category fluency were the total numbers of correct responses. Perceptual speed was assessed
using tests of digit cancellation and pattern comparison. The digit cancellation task required
participants to sequentially go through 11 rows of random digits ranging from 1 to 9 and cross
out the target digit “4”. The outcome score was the total number of correct responses within 30
seconds. The pattern comparison task required participants to go through 30 line-segmented
patterns and then mark whether the patterns were same or different within 30 seconds. The
outcome score was the average number of correct responses across two trials. (98, 120).
Executive function was assessed with the Trail-Making Test (part B), which required
participants to connect 13 encircled digits and letters in alternating order (e.g., 1-A, 2-B, 3-C).
The outcome score was the time (seconds) for completing 12 correct connections (121). This
score was then reversed, so that higher scores indicated better performance.
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The raw scores of these cognitive tests were standardized into z-scores using their baseline
mean and standard deviation (SD). If a cognitive domain consisted of multiple tests, a
composite score was formed by averaging the z-scores of the tests within that domain. For
participants who had cognitive data available for at least three out of the six domains, a
composite score for global cognition was computed as the mean value of all the domain-
specific cognitive z-scores (98). This was done for baseline and all follow-up examinations.

3.3.3 Diagnosis of dementia and CIND

Dementia was clinically diagnosed according to the criteria of Diagnostic and Statistical
Manual of Mental Disorders, fourth edition (122), following a three-step procedure. In brief,
two examining physicians independently made the first diagnosis based on information
collected during the clinical examination. The cognitive assessment used for diagnosing
dementia included the MMSE, the clock drawing test, the forward and backward digit span,
and items covering memory, executive functioning, problem solving, orientation, and
interpretation of proverbs. For any disagreement in the first diagnosis between the two
physicians, a neurologist external to the data collection was consulted and then a final diagnosis
was made. The dementia status of deceased participants who had not been diagnosed with
dementia was determined by the SNAC-K research group through a review of their medical
charts and by cross-referencing with the Swedish Cause of Death Register (123).

We referred to the z-cores of cognitive domains to define CIND. Among dementia-free
participants, CIND was defined as scoring at least 1.5 SD below the age group-specific mean in
any of the examined cognitive domains (123).

3.3.4 Cardiovascular risk factors and diseases

Smoking status was assessed by asking participants whether and how long they had smoked
and how many cigarettes they had consumed every day. We dichotomized smoking status into
never or former versus current smoking. Alcohol consumption status was assessed by asking
participants whether, how long, and how often they had drunk alcohol. We categorized alcohol
consumption into no or light-to-moderate versus heavy alcohol intake (> 14 drinks per week for
men or > 7 drinks per week for women) (114).

Diet habits were assessed from a 98-item semi-quantitative food frequency questionnaire. The
average frequency of intake over the past year was assessed for each food item using a nine-
point scale, which ranged from “never” to “4 times per day or more”. To simplify the analysis,
food items were classified as vegetables, fruits, or high-fiber bread (98).

Physical activity was evaluated through questionnaire data by asking participants whether and
how often they had participated in any light (i.e., walks, short bike rides, light aerobic activities,
gym classes, or golf at least once a week) or moderate-to-intensive activities (i.e., brisk
walking, jogging, heavy gardening, long bike rides, intense aerobic activities, gym classes,
skating, skiing, swimming, ball games, or similar activities at least once a week). We
categorized the intensity of physical activity into physical inactivity (never or < 3 times per
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month), light exercise (any light activity > 3 times per month), and moderate-to-intense
exercise (any moderate-to-intense activity > 3 times per month) (114).

Body mass index was calculated as measured weight (kg) divided by height (m) squared (114).
Arterial blood pressure was measured twice on the left arm in a sitting position using the
sphygmomanometer, and the mean of two readings was used for the analysis (114). Non-
fasting total serum cholesterol was initially measured, and if the non-fasting total cholesterol
was higher than 6.5 mmol/L, then the fasting total cholesterol was measured, and the mean of
both measurements was used in the analysis (114). Glycated hemoglobin was measured using
the Swedish Mono-S High Performance Liquid Chromatography and added by 1.1% to
conform to international values, according to the National Glycohemoglobin Standardization
Program (114). We classified all medications according to the Anatomical Therapeutic
Chemical (ATC) classification system. We defined hypertension as arterial blood pressure >
140/90 mm Hg or current use of antihypertensive drugs (ATC codes: C02, C03, and C07-C09);
diabetes was diagnosed by the examining physician on the basis of history of diabetes, current
use of oral hypoglycemic agents or insulin injection (ATC code: A10), records of diabetes in
patient register, or glycated hemoglobin >6.5%; and high cholesterol level as total cholesterol >
6.22 mmol/L or current use of cholesterol-lowering drugs (ATC code: C10) (115).

All cardiovascular diseases identified by the examining physicians were recorded following the
codes of the International Classification of Diseases, tenth revision, clinical modification (ICD-
10-CM) (124). Atrial fibrillation was ascertained through electrocardiography and physician's
diagnosis (ICD-10-CM code: 148). Heart failure (ICD-10-CM codes: 150, 142, 143, and 1255)
was identified based on the physician's diagnosis and patient registers (124). The ischemic heart
disease was identified via in-person clinical examinations by physicians and through the
Swedish National Inpatient Registry from 1969 (ICD-10-CM codes: 120, 125.11, 121, 122,
125.2, 7951, 7955, FNG, FNA, FNB, FNC, FND, HNE, FNF, and HNH) (124).

3.3.5 Cardiovascular health metrics

The definition and categorization of CVH metrics in SNAC-K were previously described in
detail (98). Briefly, we defined and categorized each of the seven individual CVH metrics as
poor (score = 0), intermediate (score = 1), and ideal (score = 2) levels, respectively, following
the Life’s Simple 7 approach proposed by the American Heart Association (11). We modified
the definitions of smoking status, diet, and blood glucose, according to data available in our
project (98), as shown in Table 2. We estimated the behavioral metric score (score range: 0-8)
by adding up scores of four health behaviors (smoking status, physical activity, diet habits, and
body mass index) and the biological metric score (0-6) by adding up scores of three biological
health factors (blood pressure, total cholesterol, and blood glucose). The global CVH metric
score (0—14) was estimated by adding up scores of both behavioral and biological CVH
metrics. Then, we categorized these scores into unfavorable, intermediate, and favorable
profiles according to the lower, medium, and upper tertiles in the total sample of SNAC-K.
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Table 2. Definitions and scores of cardiovascular health metrics

Metrics Poor (score = 0) Intermediate (score =1) Ideal (score =2)
Smoking Current smoker Stopped in the last 5 Never or stopped >5 year
years ago
Diet habit  Consumption of fruit and Consumption of fruit and Consumption of fruit and
vegetables <2 times per day ~ vegetables >2 times per  vegetables >2 times per
and no high-fiber bread day or high-fiber bread  day and high-fiber bread
Physical Never or <2-3 times per Light exercise >1 time Moderate/intense exercise
activity month in light and/or per week >1 time per week
moderate/intense exercise
Body mass  >30 kg/m? 25-29.9 kg/m? <25 kg/m?
index
Plasma Glycated hemoglobin >6.5%  Glycated hemoglobin Glycated hemoglobin <
glucose or self-reported history, 5.7-6.5% and no diabetes 5.7 %
hypoglycemic drug use, or
diagnosis in the Swedish
National Patient Register
Total serum >6.2 mmol/L <5.2 treated or 5.2-6.2 <5.2 mmol/L untreated
cholesterol mmol/L
Blood SBP >140 or DBP >90 Treated SBP <120 and ~ Untreated SBP <120 and
pressure mmHg DBP <80 mmHg, or SBP  DBP <80 mmHg
120-139 mmHg, or DBP
80-89 mmHg

Note: Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.
Source: Speh A., et al. J Alzheimers Dis. 2021. doi: 10.3233/JAD-210280.

3.3.6 Metabolic genetic risk score

Deoxyribonucleic acid was extracted from whole blood samples. Genotyping was performed
using analysis of matrix-assisted laser desorption-ionization time of flight on the Sequenom
MassARRAY platform at the Mutation Analysis Facility, Karolinska Institutet (118). In total,
103 single-nucleotide polymorphisms (SNPs) that were potentially associated with cognitive
phenotypes in aging, cardiovascular risk, and longevity were genotyped in SNAC-K. We
selected 15 SNPs from all these SNPs for estimating the metabolic genetic risk score, as shown
in Table 3. The selected SNPs were related to hypertension, dyslipidemia, and diabetes, which
corresponded to the three biological health metrics proposed by AHA. The selection of SNPs
was based on findings from previous genome-wide association studies, fine-mapping analyses,
or meta-analyses, otherwise from at least two different original studies (i.e., LIPC rs1800588
and LDLR rs5930 as dyslipidemia susceptibility genes). The distributions of all these genotypes
conformed to the Hardy-Weinberg equilibrium (P > 0.05). The metabolic genetic risk score
was created by adding up the number of risk alleles of these SNPs. The genotype of APOE was
determined by rs429358 and rs7412 and scored by counting the number of €4 alleles (score
range: 0-2). We categorized the metabolic genetic risk into low, intermediate, and high levels
according to tertiles of the total score.
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Table 3. Overview of the 15 SNPs related to metabolic risk in the SNAC-K MRI follow-up subsample

(n=284)
SNPs Genotype Frequency, Score References
n (%)
Hypertension-related SNPs
ACE 151800764 TT 80(28.17) O Chung CM, et al. PLoS One. 2013. DOI:
CT 142 (50.00) 1 10.1371/journal.pone.005611 9.
ccC 62(21.83) 2
ACE 154343 AA 58(2042) O Chung CM, et al. PLoS One. 2013. DOI:
AG 147 (51.76) 1 10.1371/journal.pone.005611 9.
GG 79(2782) 2
Dyslipidemia-related SNPs
APOE-€4 allele no &4 208 (73.24) 0 Bennet AM, et al. JAMA. 2007. DOLI:
(determined by €3ed/e2ed4 68 (23.94) 1 10.1001/jama.298.11.1300.
rs429358 & 1s7412)  gded 8(2.82) 2
LIPC 151800588 ccC 163 (57.39) 0 Fan YM, et al. Clin Genet. 2009. DOI:
CT 100 (35.21) 1 10.1111/5.1399-0004.2009. 01180.
TT 21(7.39) 2 x; Isaacs A, et al. J Clin Endocrinol
Metab. 2004. DOI: 10.1210/jc.2004-
0188.
LDLR 15930 AA 35(1232) O de Oliveira, et al. J Mol Neurosci. 2020.
AG 134 (47.18) 1 DOI: 10.1007/s12031-020-015 88-7; Al-
GG 115(40.49) 2 Allaf FA, et al. Hum Genome Var.
2014. DOL: 10.1038/ hgv.2014.21.
ADRB3 rs4994 AA 237(83.45) 0 Ryuk JA, et al. Diabetes Res Clin Pract.
AG 45 (15.85) 1 2017. DOL: 10.1016/.
GG 2 (0.70) 2 diabres.2017.03.034;
TOMMA40 rs157580 GG 31(1092) O Sinnott-Armstrong N, et al. Nat Genet.
AG 135(47.54) 1 2021. DOI: 10.1038/s41588 -020-
AA 118 (41.55) 2 00757-z.
APOAS 12266788 AA 244(8592) 0 Park S, et al. J Acad Nutr Diet. 2020.
AG 35(12.32) 1 DOI: 10.1016/j.jand.2020. 01.009.
GG 5(1.76) 2
APOB 15693 AA 76 (26.76) 0 Niu C, et al. Lipids Health Dis. 2017.
AG 137(48.24) 1 DOI: 10.1186/s12944-017-0558-7.
GG 71(25.00) 2
CETP rs5882 GG 27(9.51) 0 Hellwege JN, et al. Genet Epidemiol.
AG 113(39.79) 1 2014. DOI: 10.1002/gepi.21801.
AA 144 (50.70) 2
Diabetes-related SNPs
IDFE 151544210 GG 64(2254) 0 Zeggini E, et al. Science. 2007. DOI:
AG 142 (50.00) 1 10.1126/science.1142364.
AA 78 (27.46) 2
LDLC 1s4420638 GG 11 (3.87) 0 Sinnott-Armstrong N, et al. Nat Genet.
AG 82 (28.87) 1 2021. DOI: 10.1038/s41588 -020-
AA 191 (67.25) 2 00757-z.
PPARG 151801282 GG 12 (4.23) 0
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CG 66 (23.24) 1 Sinnott-Armstrong N, et al. Nat Genet.

cc 206 (72.54) 2 2021. DOL: 10.1038/541588 -020-
00757-z.
PONI 13662 TT 151 (53.17) 0 Luo JQ, et al. J Cell Mol Med. 2018.
CT 112(39.44) 1 DOIL: 10.1111/jemm.13453.
cc 21(739) 2

Note: Abbreviations: SNP, single-nucleotide polymorphism; SNAC-K: Swedish National study on
Aging and Care in Kungsholmen; MRI, magnetic resonance imaging.

3.3.7 Cognitive reserve

The individual indicators for estimating the lifelong composite CR capacity encompassed
early-life education, midlife work complexity, late-life leisure activities, and late-life social
network. During the nurse interview, early-life educational data were collected by inquiring
about the highest educational degree and the total schooling year. The continuous total
schooling year served as a measure of early-life education when assessing the composite CR
capacity. Midlife work complexity was collected by inquiring about the five longest-held
occupations of participants, which were then ranked based on their substantive complexity
using a continuous score ranging from 0.7 to 10. Higher scores were indicative of greater
substantive complexity (113).

The late-life leisure activities were evaluated through questionnaire data by asking participants
if they had engaged in any of a list of 26 activities and the frequency of their participation in the
past year. These activities were grouped into three components: mental (i.e., reading
newspapers or books, watching TV, playing chess, cards, musical instruments, or computer
games, or listening to music), social (i.e., sport engagement, dance, bingo, travelling, visiting
cinema, theater, concert, museum, art exhibition, restaurant, or church, taking course, or
participating in non-profit activities or association work), and physical (i.e., gardening, forest
roaming, hunting, fishing, knitting, weaving or sewing, painting or drawing, or repairing house,
car, or other machine instrument), as previously reported (113). The extent of engagement in
the mental and social components was determined by the number of activities participated in
and categorized as low (< 1 activity), moderate (2-3 activities), or high (> 4 activities), with
corresponding scores of 0, 1, and 2. The extent of engagement in the physical component was
assessed by the frequency of participation and categorized as low (less than once per week),
moderate (once per week), or high (more than once per week), with corresponding scores of 0,
1, and 2. The leisure activity score was calculated by summing the scores of the three
components, with a range from 0 to 6, where a higher score indicates greater engagement in
leisure activities (113).

The size and support of late-life social network were assessed through several indicators. The
marital status, living arrangement, number of children, frequency of contact with relatives or
friends, and the number of contacts were used to assess the size of late-life social network. In
addition, the measures of perceived material and psychosocial support received, satisfaction
with social connections, and sense of belonging to social groups were used to assess the support
late-life social network. All indicators were standardized into z-scores and averaged to estimate
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the size and support of social networks, separately. Finally, the scores of size and support of
late-life social network were averaged, resulting in a final score of late-life social network
ranging from -2.1 to 1.2. Higher scores indicate a more extensive and supportive social network
in later life (113).

The composite lifelong CR capacity was estimated using a structural equation model,
incorporating the four aforementioned intellectual activities. To obtain predicted values of the
latent variable representing CR, the standardized indicators of the four intellectual activities
were multiplied by their corresponding weights and summed together (113).

3.4 Statistical analysis

In the following individual studies, characteristics of study participants at baseline were
examined using t-test for continuous variables and y2-text for categorical variables. The
statistical significance level was set as two-tailed P-value < 0.05. Stata Statistical Software:
Release 16.0 (StataCorp LLC., College Station, TX, USA) for Windows was used for all the
analyses.

Study I: First, we examined the association of demographic factors including age groups (60—
72 vs. 278 years), sex, and educational degree (with or without university degree) with annual
change of continuous SVD measures (i.e., WMH score, PVS count, and GM and ventricular
volumes), using the linear mixed-effects model, as well as the association of demographic
factors with incidence of lacunes using the Cox proportional-hazards model. Next, for the
longitudinal interrelationships of these SVD markers, we used (1) the linear mixed-effects
model to investigate the relationship of baseline microvascular lesions (i.e., WMH score, PVS
count, and lacunes) with annual change of continuous SVD measures; and (2) the Cox
proportional-hazards model to examine longitudinal associations of baseline loads of WMHs
and counts of PVSs with the incidence of lacunes. We adjusted for continuous age (years),
education (years), current smoking, heavy alcohol consumption, physical inactivity, body mass
index, hypertension, diabetes, and high cholesterol, and if applicable, for sex in the above
analyses.

Study II: First, we estimated the association of baseline scores of global and regional WMHs
with annual average change of cognitive z-scores in the analytical sample 1, using linear
mixed-effects models. In addition, we examined the statistical interactions of baseline scores of
WDMHs with age groups, sex, and APOE genotypes (with or without €4), on annual change of
domain-specific cognitive z-scores using the linear mixed-effects models. Next, we examined
the association of follow-up time (years) with progression of WMHs (i.e., global and regional
WMH scores) over the first 6-year follow-up period using the linear mixed-effects models, in
the analytical sample 2. The annual change of WMHs for each person was the sum of the fixed
coefficient of follow-up time and the random coefficient for that person. Finally, we examined
the association of annual change of WMHs with annual change of cognitive z-scores in
analytical sample 2, using linear mixed-effects models. When a significant association was
detected, we examined the patterns of WMH progression (defined as no progression, slow
progression, and fast progression that corresponded to the lower, medium, and upper tertiles of
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annual change of WMH scores, respectively) in association with annual change of cognitive z-
scores. We adjusted for age (years), education (years), current smoking, heavy alcohol
drinking, physical inactivity, body mass index, hypertension, high cholesterol, diabetes, total
intracranial volume, lateral ventricular volume, global count of perivascular spaces, and lacunes
at baseline, and if applicable, for sex, APOE genotypes, and baseline scores of the
corresponding global or regional WMHs.

Study III: In the analytical sample 1, we assessed the associations of CVH profiles (favorable,
intermediate, and unfavorable) with annual changes in continuous brain measures (i.e., WMH
volume, PVS count, and GM volume) using the linear mixed-effects models. We assessed the
associations of CVH profiles with incident lacunes using Cox proportional-hazards models.
Then, the three-way interaction of CVH profiles, age groups, and follow-up time (years) on
brain measures was tested using the linear mixed-effects models. Likewise, in the analytical
sample 2, we examined the associations of the metabolic genetic risk score with annual
progression of continuous brain measures using linear mixed-effects models. We assessed the
associations of the metabolic genetic risk score with incident lacunes using the Cox
proportional hazards models. Next, in the analytical sample 3, we examined the three-way
interaction of the metabolic genetic risk score, CVH profiles, and follow-up time on changes of
continuous brain measures, using linear mixed-effects models. We adjusted for age (years), sex,
and education (years) in the above analyses.

Study IV: First, we examined the relationship of composite CR score with likelihood of
transitions across cognitive states (normal cognition, CIND, and dementia) and death using the
Markov multi-state model in the analytical sample 1. Next, we examined the statistical
interaction of composite CR score with age group, sex, and APOE genotypes on the transitions
across cognitive states and death. When a statistical interaction was found, we further analyzed
the direction and strength of the relationship between composite CR score and transitions
across cognitive states or death, stratified by age groups, sex, or APOE genotypes. To account
for potential confounding factors, we controlled for age (years), current smoking, heavy alcohol
drinking, hypertension, high cholesterol, diabetes, body mass index, atrial fibrillation, ischemic
heart disease, and heart failure, and if applicable, for sex and APOE genotypes, in the
aforementioned associations. Finally, we repeated the analysis that examined the association of
composite CR score with likelihood of transitions across cognitive states and death using the
Markov multi-state model in the analytical sample 2, while additionally adjusting for GM
volume, WM volume, hippocampal volume, WMH volume, PVS count and lacunes at baseline.

3.5 Ethical considerations

All phases of data collection for the SNAC-K study received ethical permission from the Ethics
Committee at Karolinska Institutet and the Regional Ethical Review Board in Stockholm. The
specific reference numbers for these approvals are provided: KI 01-114 (date of approval:
2001-06-18, for wave 1), 04-929/3 (2005-01-19, for wave 2), 026-2007 (2007-09-20, for wave
3),2010/447-31/2 (2010-06-09, for wave 4), 2013/828-31/3 (2013-05-29, for wave 5), and
2016/730-31/1 (2016-02-01, for wave 6) for SNAC-K, and 2009/595-32 (date of approval:
2009-03-30) for the register data.
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To ensure the comfort and participation of the study participants, several strategies were
implemented. Eligible participants received personalized letters that provided information
about the study's objectives, content, duration, and importance. It was explicitly mentioned that
participation was voluntary, and they could withdraw from the study at any point. In cases
where participants had cognitive impairment, consent was obtained from a proxy, ensuring that
their rights were respected. Nurses were responsible for contacting participants who agreed to
take part in the study and scheduling the first study visit. Participants were also provided with
written reports on their laboratory tests. As part of the informed consent process, participants
were assured that their data would be kept confidential and anonymous.

All research activities within the SNAC-K study have been conducted in full compliance with
all ethical guidelines, such as obtaining informed consent, ensuring participant comfort, and
maintaining confidentiality and anonymity of the collected data.
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4 Results

The key results from four individual studies included in the thesis are summarized as follows.

4.1 Progression of MRI markers of structural brain aging (Study I)

Out of the 555 participants who had MRI measures at baseline, the average age was 71.2 years
(SD =9.1), 58.2% were women, and 41.1% held a university degree. Over the course of the
study, MRI measures for either the 3-year or 6-year follow-ups were available for 325
individuals, representing 58.6% of the initial MRI cohort. In comparison to people without
follow-up MRI measures (n = 230), those with follow-up MRI measures were younger, more
likely to have a university degree and to be physically active, while less likely to have
hypertension or diabetes (P < 0.05). The two groups had no significant difference in body mass
index or in the distribution of sex, current smoking, heavy alcohol drinking, or high cholesterol.

During the average of 5.7 years (2.6—7.4) of follow-up, the global WMH score steadily
increased over time, with a B-coefficient (95% confidence interval [CI]) being 0.65 (0.54—
0.77). Similarly, the global count of PVSs and lateral ventricular volume demonstrated a
gradual rise during the follow-up period, while total GM volume experienced a decline (P <
0.001). The cumulative incidence of lacunes during the follow-up period was 12.92% (95% CI:
9.68%—17.04%), and the incidence rate (per 100 person-years) was 2.39 (1.77-3.24). Higher
age showed a significant correlation with accelerated yearly growth in global, deep, and
periventricular WMH scores, as well as ventricular volumes (P < 0.001). Additionally, it was
linked to a more rapid decline in GM volume and a higher incidence of lacunes (P < 0.001).
However, age was not significantly associated with the yearly growth in lobar WMHs or the
counts of global, lobar, and deep PVSs. Furthermore, males showed a faster progression in
lobar WMH scores compared to females (0.17, 0.02—0.32). Individuals without a university
degree displayed a more rapid progression of deep and periventricular WMH scores compared
to those with a degree (0.14, 0.02—0.27 and 0.07, 0.00-0.14, respectively).

Strong associations were observed between a higher global WMH score at baseline and an
accelerated increase in global, deep, and periventricular WMHs and lateral ventricular volumes,
as well as a more rapid decrease in GM volume, over the follow-up period (P < 0.05, Table 4).
A higher baseline count of PVSs was significantly associated with an accelerated increase in
global and lobar WMH burdens, as well as a decrease in GM volume (P < 0.05, Table 4).
Additionally, the presence of lacunes at baseline showed a significant link to a faster
progression of deep and periventricular WMHs, along with accelerated GM atrophy (P < 0.05,
Table 4).

A significant association was observed between elevated scores of global and regional WMHs
as well as increased counts of global and deep PVSs at baseline and a greater incidence of
lacunes (P < 0.05, Table 5). After excluding participants with prevalent lacunes at baseline (n =
68), the significant relationships between global and regional WMH scores at baseline with
incident lacunes remained. However, the previously observed associations between global and
deep PVS counts with incident lacunes were no longer statistically significant (Table 5).
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4.2 Association between white matter hyperintensities and cognitive decline
(Study II)

In the analytical sample 1 (n = 510), the average follow-up duration was 10.4 years (SD = 3.6)
for the cognitive outcomes. The average follow-up time for the structural brain markers was 5.5
years (SD = 1.0). Compared to participants who did not have follow-up WMH measures (n =
185), those who had (n = 325) were younger, more educated, more physically active, less likely
to have hypertension and global and periventricular WMHs, and more likely to have smaller
lateral ventricles and better performance in executive function, episodic memory, semantic
memory, category fluency, and perceptual speed (P < 0.05). Notably, the two groups did not
differ significantly in terms of global PVS count, lobar and deep WMH scores, total intracranial
volume, body mass index, and z-score of letter fluency (P > 0.05).

Higher global and regional WMH scores at baseline were all related to a faster decline in letter
fluency, perceptual speed, and global cognition (P < 0.05, Table 6). In addition, the greater
global WMH score at baseline was related to a faster decline in executive function (P = 0.05,
Table 6). Higher scores for lobar and deep WMHs at baseline were marginally related to a
faster decline in executive function (P = 0.064 and 0.054, respectively). Greater baseline
periventricular WMHSs were linked to a faster decline in category fluency (P < 0.05, Table 6).

There was a statistical interaction of periventricular WMH score with APOE-¢4 allele on
annual change in category fluency (P for interaction = 0.046). The significant associations of
increased periventricular WMH score with faster decline in category fluency existed only in
APOE-¢4 carriers (B-coefficient and 95% CI: -0.018, -0.031—-0.004), but not in APOE-¢4 non-
carriers (-0.005, -0.013—0.003). There was no reliable interaction of WMH scores with sex or
age on annual changes in scores of any examined cognitive domains (P for interaction > 0.05).

Faster annual accumulation of deep WMHs during the first six years was associated with a
faster decline in executive function and global cognition during the 15-year follow-up period (P
< 0.05, Table 7). Compared to participants with no progression of deep WMHs, those with
slow and fast progression of deep WMHs showed a marginally faster decline in executive
function, with B-coefficients (95% CI) being -0.018 (-0.049—0.013) and -0.034 (-0.068—0.000),
(P for trend=0.053), and a faster decline in global cognition, with B-coefficients (95% CI) being
-0.007 (-0.019-0.004) and -0.016 (-0.028— -0.004), respectively (P for trend=0.008). Moreover,
faster accumulations of global, deep, and periventricular WMHs were all associated with faster
deterioration in perceptual speed (P < 0.05). The faster annual accumulation of lobar WMHs
was marginally related to faster deterioration in perceptual speed (P = 0.08). Compared to
people with no progression of WMHs, those with slow and fast progression of global WMHs
showed faster decline in perceptual speed, with B-coefficients (95% CI) being -0.010 (-0.026—
0.005) and -0.018 (-0.035—0.002), respectively (P for linear trend = 0.026). The p-coefficients
(95% CI) of change in perceptual speed were -0.010 (-0.026-0.006) and -0.017 (-0.033—0.002)
for increase in lobar WMHs (P for linear trend=0.032), -0.006(-0.021-0.010) and -0.016(-0.032
—0.001) for increase in deep WMHs (P for linear trend = 0.063), and -0.015 (-0.031-0.001) and
-0.016(-0.032—0.000) for increase in periventricular WMHs (P for linear trend = 0.041).
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4.3 Association between cardiovascular health profiles and MRI markers of
structural brain aging (Study III)

In the analytical sample 1 (n = 267), there was no significant difference in mean age, female
proportion, or years of education among people with different global CVH profiles. The
average duration of follow-up was 5.5 years (SD = 0.9). A slower increase in global WMH
volume was observed in people with intermediate and favorable (versus unfavorable) global
CVH profiles (P < 0.05, Table 8). The intermediate (versus unfavorable) behavioral CVH

profile showed a significant association with a slower progression of WMH volume, whereas
the favorable profile did not exhibit the same association (P < 0.001, Table 8). Neither global

nor behavioral CVH profiles showed significant associations with annual changes in PVS
count, GM volume, or incidence of lacunes (Table 8). People with intermediate or favorable

(versus unfavorable) biological profiles experienced a slower GM atrophy. (P < 0.05, Table 8).

Table 8. Associations of CVH metrics with progression of brain aging markers (analytical sample 1, n=267)
Composite CVH B-coefficient (95% CI), annual change of brain markers HR (95% CI),

metrics WMH volume PVS count GM volume incident lacunes®
Global CVH metrics
Continuous score -0.005 -0.03 0.09 1.18
(2-13), n=267 (-0.008--0.002)"  (-0.15-0.09) (-0.10-0.29) (0.92-1.51)
Categorical (tertiles)
Unfavorable 0 (reference) 0 (reference) 0 (reference) 1 (reference)
(2-6), n=59
Intermediate -0.018 0.02 0.43 1.49
(7-8), n=103 (-0.035--0.001)"  (-0.63-0.60) (-0.57-1.42) (0.30-7.46)
Favorable -0.018 -0.17 0.71 2.60
(9-13), n=105 (-0.034--0.001)"  (-0.78-0.44) (-0.28-1.69) (0.57-11.73)
P for trend 0.063 0.540 0.161 0.138
Behavioral CVH metrics
Continuous score -0.006 -0.09 -0.03 1.20
(1-8), n=267 (-0.010--0.001)"  (-0.26-0.07) (-0.29-0.23) (0.85-1.70)
Categorical (tertiles)
Unfavorable 0 (reference) 0 (reference) 0 (reference) 1 (reference)
(1-4), n=79
Intermediate -0.023 -0.14 0.63 2.25
(5), n=73 (-0.040--0.007)"  (-0.75-0.47) (-0.35-1.62) (0.43-11.69)
Favorable -0.012 -0.37 -0.38 2.73
(6-8), =115 (-0.027-0.002) (-0.91-0.17) (-1.25-0.48) (0.61-12.27)
P for trend 0.149 0.170 0.308 0.195
Biological CVH metrics
Continuous score -0.005 0.05 0.30 1.21
(0-6), n=267 (-0.011-0.000) (-0.16-0.26) (-0.03-0.63) (0.80-1.82)
Categorical (tertiles)
Unfavorable 0 (reference) 0 (reference) 0 (reference) 1 (reference)
(0-2), n=116
Intermediate -0.014 0.15 0.94 0.74
(3), n=86 (-0.028-0.001) (-0.39-0.68) (0.08-1.80)" (0.24-2.25)
Favorable -0.013 0.21 0.95 1.50
(4-6), n=65 (-0.028-0.003) (-0.37-0.79) (0.02-1.87)" (0.52-4.30)
P for trend 0.082 0.459 0.029 0.551

Note: Abbreviations: CI, confidence interval; CVH, cardiovascular health, WMH, white matter hyperintensity;
PVS, perivascular space; GM, gray matter; HR, hazards ratio.

The B-coefficients and hazards ratios were adjusted for age (years), sex, and education (years).

231 participants developed incident lacunes among those with CVH metric scores. “P<0.05, 1P<0.01.
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We observed a marginally three-way interaction between the biological CVH metric score, age
groups, and follow-up time in relation to changes in WMH volume (P for interaction = 0.062).
Stratifying analyses by age showed that among individuals aged 6072 years, intermediate and
favorable biological CVH profiles were linked with a slower increase of WMH volume
compared to the unfavorable profile (Figure 5). However, no significant association was
observed between biological CVH profiles and WMH increase among people aged >78 years.

0.06 | [l Reference group, unfavorable biological CVH profiles

Intermediate biological CVH profiles 0.024((-0.010 — 0.057)

:| Favorable biological CVH profiles
0.04

0.004 (-0.024 - 0.033)

0.02

Annual change of global WMH volume (ml)

o Ref.
0 s SN\
Ref. n=43 n=20 n=12
-0.02
-0.017 (-0.033 -0 -0.017 (-0.035 -0
-0.04 ( ) ( )
60-72 years =78 years

Figure 5. Associations between biological CVH profiles and annual changes of global WMH
volume by age groups (analytical sample 1, n=267)

Note: Abbreviations: CVH, cardiovascular health, WMH, white matter hyperintensity.

The B-coefficients and 95% confidence intervals were adjusted for age (years), sex, and
education (years).

In the analytical sample 2 (n = 284), when dividing the metabolic genetic risk score into
tertiles, a high (versus low) genetic risk load was associated with a faster progression of WMHs
(P for linear trend = 0.002, Table 9) compared to a lower genetic risk load. Additionally, the
intermediate genetic risk load was also associated with faster GM atrophy (P < 0.05, Table 9)
compared to a low genetic risk load. There were no significant associations between metabolic
genetic risk score and progression of PVS count, GM volume, or lacunes (Table 9).

In the analytical sample 3 (n = 234), we observed three-way interactions between global and
behavioral CVH profiles, metabolic genetic risk score, and follow-up time in relation to the
annual progression of WMHs (P for both interactions = 0.001). Among individuals with
unfavorable and intermediate global CVH profiles, a higher metabolic genetic risk score was
associated with a faster progression of WMH. However, this association was not observed
among individuals with favorable global CVH profile (Figure 6A). Similarly, an increased
metabolic genetic risk load was linked to a faster increase in WMH among individuals with
unfavorable and intermediate behavioral CVH profiles, but not among individuals with
favorable behavioral CVH profile (Figure 6B).
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Table 9. Associations of metabolic genetic risk score with progression of brain aging markers (analytical sample 2,
n=284)

Metabolic genetic _ B-coefficient (95% CI), annual change of brain markers HR (95% CI),
risk load (score Global WMH volume Global PVS count Gray matter incident lacunes
range) volume *

Continuous score  0.005 (0.003-0.008)* 0.03 (-0.07-0.13) 0.05 (-0.10-0.20) 1.04 (0.86-1.25)
(6-21), n=284
Categorical (tertiles)

Low 0 (reference) 0 (reference) 0 (reference) 1 (reference)
(6-11), n=70

Intermediate 0.008 (-0.009-0.024)  0.31 (-0.30-0.92) 0.99 (0.05-1.94)" 1.02 (0.32-3.26)
(12-13), n=99

High 0.024 (0.008-0.040)"  0.08 (-0.51-0.68) 0.26 (-0.67-1.18) 0.88 (0.29-2.71)
(14-21), n=115

P for trend 0.002 0.946 0.886 0.797

Note: Abbreviations: CI, confidence interval; WMH, white matter hyperintensity; PVS, perivascular space.
The B-coefficients and hazards ratios were adjusted for age (years), sex, and education (years).

237 participants developed incident lacunes among those with genetic risk score.

*P<0.05, 7P<0.01, tP<0.001.
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Figure 6. Associations of genetic susceptibility to metabolic risk factors with annual changes of global WMH
volume by global (A) and behavioral (B) CVH profile categories (analytical sample 3, n=234)
Note: Abbreviations: WMH, white matter hyperintensity; CVH, cardiovascular health.
The B-coefficients and 95% confidence intervals were adjusted for age (years), sex, and education (years).
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4.4 Association between cognitive reserve and transitions across cognitive states,
independent of brain pathology (Study IV)

At baseline, compared to people free of CIND (n = 2023), those with CIND (n =2608) had a
lower composite CR score, and were older, more likely to be female, to smoke, to have
hypertension, diabetes, ischemic heart disease, and heart failure, and to carry APOE-g4 allele,
while less likely to have heavy alcohol consumption or to be engaged in physical activity (P <
0.02). Body mass index and prevalence of atrial fibrillation did not differ significantly between
the two groups.

In the analytical sample 1 (n =2631), a higher composite CR score (range: -4.3 to 3.5; median:
0; interquartile range: 1.8) was associated with a ~22% lower risk of transition from normal
cognition to CIND and a ~15% lower risk of transition from normal cognition to death, as well
as a ~18% lower risk of transition from CIND to death, over the 15 years of follow-up period
(Figure 7A). Similarly, in the analytical sample 2 (n=517), a higher composite CR score was
linked to a ~24% lower risk of transition from normal cognition to CIND and a ~21% lower
risk of transition from normal cognition to death, while no significant association was observed
for the transition from CIND to death (Figure 7B). There was no association between
composite CR score and other transitions across cognitive states and death (P > 0.05).

In the analytical sample 1, a statistical interaction was observed between composite CR score
and age groups on the likelihood of transition from CIND to death (P for interaction = 0.010);
such that a higher composite CR score was significantly associated with a ~35% lower risk of
transition from CIND to death in individuals aged 6072 years, while a ~13% non-significantly
lower risk was observed in those aged 78 years and above. There was no statistical interaction
of composite CR score with APOE genotypes, age groups, or sex on the risk of other transition
across cognitive states and death (P for interaction > 0.05).

Table 10. Associations between cognitive reserve and transitions from normal cognition to
dementia and from CIND to death by APOE genotypes and age groups

Hazards ratios and 95% confidence intervals

n/N Normal cognition — n/N CIND - death
dementia
APOE genotypes? 93/2466 281/2466
At least one e4 allele  60/1744  0.71 (0.48-1.05) 188/1744  0.80 (0.69-0.93)*
No &4 allele 33/722  1.07 (0.85-1.34) 93/722 0.72 (0.58-0.91)}
P-value for interaction 0.051 0.332
Age groups 96/2631 318/2631
60-72 years 30/1612  0.91 (0.63-1.31) 113/1612  0.65 (0.54-0.77)*
>78 years 66/1019  0.93 (0.74-1.18) 205/1019  0.87 (0.75-1.01)
P-value for interaction 0.353 0.010

Note: CIND, cognitive impairment, no dementia.

The hazards ratios and 95% confidence intervals were adjusted for age (years), sex, current
smoking, heavy alcohol drinking, hypertension, high cholesterol, diabetes, body mass index,
atrial fibrillation, ischemic heart disease, and heart failure, and if applicable, for APOE

genotypes.
2The number of participants with missing value was 165 for 4POE genotypes. *P<0.001.
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Figure 7. Association of cognitive reserve with transitions across cognitive states and death in
the SNAC-K total sample (A) and the SNAC-K MRI subsample (B). Data are hazards ratio
(95% confidence interval), derived from the Markov multi-state model.

Note: The hazards ratios and 95% confidence intervals were adjusted for age (years), sex,
current smoking, heavy alcohol drinking, hypertension, high cholesterol, diabetes, body mass
index, atrial fibrillation, ischemic heart disease, and heart failure, and if applicable, for APOE
genotypes.

*The parameters were not estimated due to the limited sample size.

P<0.01, *P<0.001.
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5 Discussion

5.1 Summary of the main findings

In this doctoral project, using longitudinal data from the population-based cohort study of
Swedish older adults, we sought (1) to investigate the progression and interrelationship of MRI
markers of structural brain aging, (2) to explore the relationship of WMHs with domain-
specific cognitive decline, (3) to assess the relationship between CVH metrics and structural
brain aging, and (4) to examine the association between CR capacity and transitions across
cognitive states and death. The main findings from this project are summarized as follows:
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The progression of cerebral SVD varies by demographics: MRI markers of cerebral
SVD, except PVSs, exhibit an accelerated progression with advancing age. Men
experience a faster progression of regional WMHs compared to women, and individuals
without a university degree demonstrate a swifter progression of regional WMHs than
those with a degree. Furthermore, the higher burden of cerebral microvascular lesions is
associated with a more rapid progression of cerebral SVD. Specifically, the higher
burden of WMHs at baseline is associated with an elevated risk of developing new
lacunes, an accelerated accumulation of WMHs, and faster brain shrinkage. Moreover,
the greater number of PVSs and prevalent lacunes at baseline are linked to an expedited
accumulation of WMHs and faster brain atrophy.

The greater burden of WMHs at baseline is associated with a faster decline in executive
function, letter fluency, perceptual speed, and global cognition, but not in episodic or
semantic memory. Carrying the APOE-¢4 allele could exacerbate the deterioration in
category fluency due to the greater burden of periventricular WMHs. In addition, the
accelerated decline in perceptual speed is linked to a faster accumulation of WMHs in
deep and periventricular regions, and the accelerated deterioration in executive function
and global cognition is related to a faster accumulation of deep WMHs.

The intermediate-to-favorable (versus unfavorable) global CVH profiles are associated
with a slower accumulation of WMHs. The intermediate-to-favorable (versus
unfavorable) biological CVH profiles are linked to a decelerated progression of global
WMHs among people aged 60—72 years, but not in those aged >78 years. Moreover, a
higher metabolic genetic risk is associated with a faster increase in WMHs. However,
this association is evident among people with unfavorable CVH profile, but not in those
with favorable global and behavioral CVH profiles.

Higher CR capacity is linked to a reduced risk of transition from normal cognition to
CIND or death and from CIND to death. The risk of transition from normal cognition to
CIND or death does not change after controlling for brain aging markers, whereas the
risk of transition from CIND to death is not evident anymore. No significant association
is observed between CR capacity and the transition from CIND to dementia or from
CIND to normal cognition. Furthermore, among individuals with CIND at baseline, a
higher CR capacity is associated with a lower mortality rate among individuals aged
60-72 years but not among those aged 78 years and above.



5.2 Interpretation and pathological mechanisms

5.2.1 Progression of MRI markers of structural brain aging in old age

Most MRI markers of structural brain aging demonstrate an accelerated progression as
individuals age. This phenomenon can be attributed to the age-related deterioration of shared
pathological mechanisms and the cumulative effect of risk factors. It has been well established
that the blood-brain barrier, which deteriorates with normal aging, is a critical factor in the
development of cerebral SVD, particularly WMHs (125). This can result in microvascular wall
injury, impaired vasoreactivity, luminal narrowing, and ultimately parenchymal ischemia, all of
which can contribute to the pathogenesis of cerebral SVD (125). In addition, population-based
studies have found that the impacts of vascular risk factors, such as hypertension, high
cholesterol, and diabetes, can accumulate with advancing age (126), and lead to the
development of cerebral SVD over time, including WMHs, lacunes, and brain atrophy (127-
130). This can partly explain the association between increasing burden of cerebral SVD and
advancing age. Despite the faster accumulation of most cerebral SVD markers associated with
vascular risk factors, the accumulation of PVSs is not necessarily related to these traditional
vascular risk factors in population-based studies (40, 129). This could contribute to the
observation that accumulation rate of PVSs does not steadily increase with aging. The lack of a
clear association between advancing age and progression of PVSs suggests that other factors
may account for the development of PVSs, such as heredity (131). Furthermore, men are
usually more likely to be exposed to vascular risk factors and to have a higher ratio of albumin
in cerebrospinal fluid to albumin in serum than women, both of which are highly related to the
development of WMHSs (132, 133). This helps to clarify the sex-specific difference in the
accumulation of WMHs observed in our study.

Population-based cohort studies investigating the association between educational attainment
and brain aging markers have yielded mixed results. For example, the Epidemiological
Clinicopathological Studies in Europe found no direct association between years of education
and neurodegenerative or cerebrovascular pathologies (134), whereas the 1936 Aberdeen Birth
Cohort study indicated that the lower educational attainment was associated with higher burden
of WMHs (135), which aligned with the finding in our study. Education may not have a direct
effect on structural brain aging (134). However, it is worth noting that education can potentially
influence brain aging indirectly through socioeconomic status (e.g., income, occupation, access
to healthcare) and lifestyles (engagement in cognitive and physical activities) related to
educational attainment (136-138). Future research is required to assess the multifaceted
interactions between educational attainment, socioeconomic status, and lifestyle factors as they
collectively contribute to structural brain aging.

5.2.2 Interrelationships between MRI markers of structural brain aging

The association of greater WMHs at baseline with faster progression of cerebral SVD is in line
with findings from the population-based Shanghai Aging Study (6). The large autopsy-verified
Arizona Study of Aging and Neurodegenerative Disorders has indicated that formation and
development WMHs are attributed to the combination of neurodegenerative and vascular
causes (139). Furthermore, common vascular risk factors and mechanisms shared among
WMHs, lacunes, and brain atrophy could also account for this phenomenon (127-130). From
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the perspective of common pathological mechanism, the dysfunction of the blood-brain barrier
may result in impaired endothelial junctions. This impairment leads to the leakage of plasma
fluid components, which subsequently causes white matter demyelination, arteriosclerosis,
perforating arteriolar thrombosis, and the characteristic occurrence of lacunar infarction (4).
The dysfunction of blood-brain barrier may also result in the leakage of toxins and subsequent
neuronal loss, leading to a reduction in brain volume (125).

The association between greater number of PVSs and faster increase of WMHs is in line with
findings from the population-based Age, Gene/Environment Susceptibility-Reykjavik Study
(5). We only found the association between higher load of PVSs with subsequent faster
progression of WMHs, while not vice versa. It could be explained by the fact that PVSs occur
prior to other cerebral SVD markers, including WMHs (140). On the other hand, the PVSs and
WDMHs share common pathological mechanisms, such as both cerebral amyloid angiopathy and
hypertensive angiography which could contribute to the formation of PVSs and WMHs (38,
65). This also explains the close association between PVSs and WMHs.

Previous population-based studies have indicated that cerebral microvascular lesions might
accelerate brain atrophy and then further influence cognitive or physical impairment in older
adults (25, 141). Our study has provided reliable evidence supporting the temporal sequence of
microvascular lesions preceding brain atrophy. In terms of neuropathology, the higher burden
of WMHs has been linked to greater accumulation of tau-protein and neurofibrillary tangles
(54), both of which can contribute to cortical thinning and degenerative changes in brain
parenchyma (55). Moreover, PVSs play a crucial role in clearing interstitial fluid and metabolic
waste from the brain, including amyloid-f. When these pathways are dysfunctional, normal
clearance may be impaired (56). As a result, the accelerated aggregation of amyloid-p in the
brain tissue may lead to an impaired function of synapses and neurons (57). These may partly
account for the association observed in Study I and highlight the significance to monitor and
control the development of microvascular lesions in old age.

5.2.3 White matter hyperintensity and domain-specific cognitive decline
WMH, as a typical marker of cerebral microvascular lesions, have been consistently linked to
a faster decline in multiple cognitive domains in previous population-based studies (142, 143).
The formation and development of regional WMHs have been attributed to multiple potential
neuropathological mechanisms, which may contribute to cognitive impairments in specific
domains. For example, both cerebral amyloid angiopathy linked to lobar WMHs and cerebral
arteriolosclerosis linked to deep WMHs are associated with impaired perceptual speed (144,
145). In addition, evidence from a neuropathological study has indicated that a potential link
between WMHs and cortical hypometabolism may lead to executive dysfunction (146). This
finding is in line with the modest association observed in Study II, where a higher burden of
lobar WMHs is marginally associated with poorer executive function. The limited statistical
power resulting from missing values in numerous individuals for the executive function task
likely contributes to the non-significant association between regional WMHs and executive
dysfunction. Interestingly, although the link between WMHs and impaired memory is
suggested by the cross-sectional data from the population-based Age, Gene/Environment
Susceptibility-Reykjavik Study (147), our cohort study does not provide convincing evidence
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supporting the association between WMHs and subsequent decline in memory. This
observation might be partly attributable to the relatively younger and healthier SNAC-K MRI
sample compared to the entire population in SNAC-K (86). The former group likely carries a
lower burden of WMHs. Moreover, the distinct study designs (cross-sectional design in the
Age, Gene/Environment Susceptibility-Reykjavik Study vs. longitudinal design in SNAC-K
MRI study) could also potentially account for the observed discrepancies in the findings.
Furthermore, memory decline has the least likelihood to be affected by the microvascular
lesions compared to language and attention (148), which also makes it difficult to detect a
weak-to-moderately strong association between WMHs and changes of memory functioning.
Therefore, large-scale prospective cohort studies are necessary to clarify the relationships
between global and regional WMHs and memory decline in older adults.

Furthermore, we have found that the decline in category fluency is vulnerable to periventricular
WDMHs, rather than deep or lobar WMHs. Data from the Mayo Clinic Study of Aging have
indicated that periventricular WMHs are related to cerebral amyloid pathology (149).
Moreover, data from the Gothenburg H70 Birth Cohort Studies have suggested that cerebral
amyloid pathology is associated with worse performance in category fluency (150). These
findings support the observed link between higher load of periventricular WMHs and faster
decline in category fluency. Notably, we have also identified that individuals carrying the
APOE-¢4 allele, a genetic risk factor for cerebral amyloid pathology and cognitive decline,
experience an exacerbated decline in category fluency in the presence of accumulated
periventricular WMHSs. This further reinforces the role of cerebral amyloid pathology in the
deterioration of category fluency among older adults. It also highlights the importance of
monitoring the burden of WMHs for the preservation of cognitive health, particularly in
individuals with a higher genetic predisposition to cognitive decline.

Previous population-based studies have linked faster WMH progression with accelerated
deterioration of executive function and perceptual speed, despite the relatively shorter follow-
up period (<5 years) (87). The study II confirms the phenomenon in a long-term follow-up
cohort (mean follow-up time=10.4 years). This finding is significant as it suggests that the
detrimental impact on cognitive performance may not only coincide with the development of
cerebral microvascular lesions but also manifest several years after structural brain damage
(151). Furthermore, we have found that the decline in perceptual speed is related to a more
rapid accumulation of both global and regional WMHs. This suggests that the deterioration of
perceptual speed may be influenced by multiple neuropathological factors (152). The decline in
executive function is specifically associated with a faster progression of deep WMHs,
indicating that arteriosclerosis may partly contribute to the deterioration of executive function.

5.2.4 Cardiovascular health and structural brain aging
The proposed reciprocal brain-heart connection in the aging process has prompted numerous

investigations into the relationship between CVH and structural or functional brain health
(153). In Study I1I, we investigated the association of CVH metrics with brain aging markers
and found that favorable CVH metrics could benefit structural brain health, specifically by
slowing down the progression of WMHs in late life. The two-year follow-up data from the
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PREVENT-Dementia study show that a higher score of Cardiovascular Risk Factors, Ageing
and Dementia risk, which incorporates biological CVH metrics and demographic and genetic
metrics, is associated with a faster progression of WMHs, but not associated with the
progression of PVSs or lacunes (154). This is partly in accordance with the main finding from
our study. Several factors may contribute to the association of CVH metrics with structural
brain aging. Firstly, the brain is a highly metabolic organ with a high demand for oxygen and
nutrients. Unfavorable CVH is associated with atherosclerosis, which can reduce cerebral blood
flow, deprive neurons and oligodendrocytes (myelin sheath) of necessary oxygen and nutrients,
and lead to neuronal loss and formation of WMHs over time (155). In addition, unfavorable
CVH can also result in dysfunction of the blood-brain barrier and cause inflammation and
oxidative stress in the endothelial cells of blood vessels (156). These inflammatory signals can
impair the coordinated neurovascular coupling mechanisms that dilate local vessels in response
to neural activity. This can lead to exposure of neurons to a relatively ischemic environment,
further contributing to brain damage (155).

As people age, the ideal level of CVH profiles may not always be beneficial. Data from
community-based studies have shown that lower levels of blood pressure, body mass index,
and non-high-density lipoprotein cholesterol in late life are associated with an increased risk of
cognitive impairment and dementia (123, 157). Likewise, data from the Clinical Practice
Research Datalink have suggested that hypoglycemia is associated with a higher risk of
dementia in people with diabetes (158). These findings partly agree with our finding that
maintaining ideal biological CVH profiles may not necessarily be beneficial in the late life.
Several reasons could explain this phenomenon. First, systematic hypoperfusion due to very
low blood pressure may lead to cerebral ischemia and damage to the myelin sheath (159, 160).
Second, the non-high-density lipoprotein cholesterol plays a crucial role in maintaining the
integrity and function of brain cells and the myelin sheath, and thus the lower level of non-
high-density lipoprotein cholesterol might be associated with worsening of brain health (161).
Finally, hypoglycemia may influence glucose transport and metabolism, which can result in
neuronal damage; hypoglycemia is even associated with stroke (162). Therefore, it is essential
to adjust goals of CVH metrics based on the individual's health status and chronological age.
Further research is needed to establish CVH goals specified by age, develop guidelines to
optimize brain health, and mitigate the risk of cognitive decline and dementia in the older
population. Furthermore, we have not observed any significant relationship between favorable
biological CVH profile and other markers of brain aging, which strengthens the relatively
higher sensitivity of WMHs in response to the different levels of CVH status compared to the
other MRI markers of brain aging.

So far, there is no coherent evidence to suggest that individual CVH metrics can modify the
genetic risk of brain aging. One longitudinal study found that physical activity could reduce
cognitive decline attributable to carrying the APOE-g4 allele (163). However, the follow-up
data from the UK Biobank did not support the view (164). Nonetheless, it is important to view
CVH metrics as a whole when analyzing their contribution to slowing down brain aging, given
the complex interplay between these individual metrics. It is noteworthy that the composite
CVH metrics could modify the relationship between metabolic genetic risk and WMH
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accumulation. Individuals with favorable CVH profile may have experienced a slower WMH
accumulation attributed to high metabolic genetic risk compared to those with unfavorable-to-
intermediate CVH profiles. From the public health perspective, this finding highlights the
potential impact of promoting and prioritizing an ideal CVH level for people at high risk for
vascular brain aging and potential cognitive deterioration.

5.2.5 Cognitive reserve and transitions of cognitive phenotypes

The cognitive benefits of higher CR capacity could be mainly explained from two perspectives:
neural reserve and neural compensation (165, 166). Specifically, individuals with higher CR
capacity possess a higher intrinsic brain network connectivity (higher neural reserve capacity)
and may be better able to tolerate brain pathology without experiencing evident cognitive
impairment (166). In addition, individuals with higher CR capacity may exhibit alternative
neural pathways that take over the tasks performed by those affected by damage or age-related
brain changes. This neural compensation capacity helps to maintain cognitive function in the
presence of a great pathological load in the brain (165). The association between higher CR
capacity with lower risk of transition from normal cognition to CIND in our study is consistent
to the findings in a previous study that greater CR capacity is related to a lower risk of MCI
(17). In addition, we found that the cognitive contribution of higher CR capacity appeared to be
independent of MRI markers of pathological brain aging, which was overall in line with the
finding from the community-based Rush Memory and Aging Project (14). Further research
may help clarify whether and to which extent the CR capacity could compensate for the
detrimental effects of brain pathology on cognitive function.

Current evidence is still mixed regarding whether the higher CR capacity is no longer
cognitively protective after the onset of CIND or MCI. For example, the Nun Study using data
on religious sisters (mean age: >75 years, mean follow-up period: 8.6 years), has found that
higher CR capacity is associated with a higher likelihood of reversion from MCI to normal
cognition than the likelihood of progression from MCI to dementia (18). In addition, data from
the population-based Rush Memory and Aging Project (means age: 79 years, mean follow-up
period: 5.2 years) have suggested that higher CR capacity is related to a reduced risk of
progression from MCI to dementia (14). However, data from the cohort of Biomarkers of
Cognitive Decline Among Normal Individuals (mean age: 57 years, mean follow-up period: 12
years) show that higher CR capacity is associated with a faster cognitive decline after the onset
of MCI (167). In Study IV, the greater CR capacity is not associated with the slower cognitive
decline after the stage of CIND. This phenomenon may be explained by the fact that people
with CIND usually display more evident brain atrophy that those with normal cognition (168),
and that high CR capacity may not be able to protect against further cognitive decline when the
brain pathology reaches a severe stage or threshold (106). Consistent with our finding, data
pooled from six cohort studies show that the higher educational attainment, as a CR proxy, is
related to a reduced likelihood of transition from normal cognition (MMSE score > 27) to mild
impairment (23 < MMSE score < 26). However, there is no significant association between
educational attainment and the likelihood of transition from mild impairment to severe
impairment (MMSE score <22) (169). Overall, the idea of promoting CR capacity through
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lifestyle interventions may be most effective in the early stages of brain aging, emphasizing the
importance of early interventions.

Higher CR capacity is related to a reduced risk of transition from normal cognition or CIND to
death. Greater levels of CR proxies such as engagement in leisure activities and social networks
have been linked to a lower risk of chronic diseases and depression (170, 171), which, in turn,
could contribute to a reduced mortality (172). Moreover, emerging evidence from both existing
literature and our own study suggests that the higher CR capacity is associated with better
cognitive health (173), subsequently reducing the mortality rate (174). In people with CIND,
the association of higher CR capacity with lower mortality rate is pronounced among
individuals in the earlier stage of old age (6072 years) but not among those in the later stage of
old age (>78 years). Older individuals compared to younger individuals have usually reached
an advanced stage of cognitive impairment, which was demonstrated to be related to a higher
mortality (175). It also suggests that the beneficial effects of higher CR capacity on mortality
may be more evident in the earlier stages of cognitive decline or impairment. Higher CR
capacity may have a diminished impact on mortality outcomes in older people who stay in the
prodromal stage of dementia.

5.3 Methodological considerations

This doctoral thesis is based on four population-based observational studies. The
methodological considerations in the population-based studies primarily include systematic and
random errors. The systematic errors may arise from initial design to data collection and
analysis stages, which may affect the validity and reliability of the study findings. It mainly
involves selection bias, information bias, and confounding bias. Unlike systematic errors,
random errors lead to random data variability, which might be due to the limitations in
measurement instruments or sample size.

5.3.1 Selection bias

Selection bias occurs when the study sample is not representative of the target population, as a
result, the study sample does not accurately reflect the characteristics of the broader population.
It usually happens when the study oversamples a certain subgroup of population to a greater
extent. During the initial recruitment stage of the SNAC-K project, our focus was on older
adults in the Kungsholmen area of central Stockholm. It is crucial to recognizing that this
sample may not be fully representative of the entire older adult population. For example, older
adults in the Kungsholmen area differ from those in other regions, in terms of socioeconomic
status, access to healthcare, and access to intellectually stimulating activities. This may lead to
a discrepancy between the actual and observed cognitive functioning and CR-enhancing
activities, and further lead to an underestimated association between brain aging markers and
cognitive functioning in Study II and the underestimated association between CR capacity and
cognition in Study IV. In addition, the MRI sample is younger, healthier, and less likely to be
exposed to vascular risk factors compared with the whole SNAC-K sample, and thus, may have
a lower burden of brain aging markers. This may lead to an underestimated progression rate of
brain aging markers in Study I, an underestimated association between WMHs and cognitive
functioning in Study II, and an underestimated association between CVH metrics and brain
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aging in Study III. Finally, during the follow-up period, older adults with more chronic diseases
and higher cardiovascular mortality are less likely to be included in the study. Therefore,
findings from our study might not be generalizable to older populations residing in various
geographical regions or with diverse sociodemographic features. Future studies are warranted
to include more heterogeneous populations.

5.3.2 Information bias

Information bias arises when the means for obtaining information are inadequate, leading to the
fact that the exposure or outcome variables are not completely true. It includes differential and
non-differential misclassifications of variables of interest. The differential misclassification bias
is resulted from the non-random classification which is associated with some variables of
interest. In this project, this bias may arise when collecting data on lifestyle factors and CR
indicators. Specifically, when the trained staff inquired the participants about their lifestyles,
which are related to the key variables in Study III and Study IV, those with unhealthy lifestyles
such as unbalanced diet, might not have provided accurate information due to some social
concerns (176). This potential information bias could result in underestimating the true
prevalence of unhealthy lifestyle behaviors in the study sample. To mitigate this bias,
researchers could stress the anonymous nature and ensure the confidentiality of the surveys.

Furthermore, the non-differential misclassification bias occurs when the misclassification is not
related to any exposure or outcome variables. The collection and assessment of brain aging
MRI markers in the project may have led to the non-differential misclassification bias.
Specifically, MRI images with sub-optimal quality due to technical issues or insufficient
cooperation of the participant (e.g., head motion artifacts), were excluded during the data
analysis phase. As a result of this exclusion, these participants with either a healthy brain
structure or a pathological brain structure would not be included in the analytical sample. This
exclusion would potentially result in a potential misestimation of the actual severity range of
structural brain pathology in Study I and Study II. In addition, the unavailability of all
metabolism-related genes could have constrained the possibility to detect more robust
associations between metabolic genetic risk and structural brain aging in Study III.
Furthermore, the assessment of brain aging markers, especially the visual assessment of
WMHs, PVSs, and lacunes, might be susceptible to the rater’s subjective judgement. However,
it is worth noting that the rater has strictly followed the validated criteria and protocols and
repeated the assessment work in a random sub-sample, which could minimize the non-
differential misclassification bias.

5.3.3 Confounding bias

Confounding bias arises when the relationship between an exposure and an outcome variable is
distorted by a factor that affects both the exposure and outcome variables. The variable which
is associated with both the exposure and outcome variables, but not a direct result of the
exposure variable is usually seen as a confounding variable in statistical analysis. In our project,
confounding by socioeconomic status, vascular risk factors, or APOE-€4 is a possibility.
Specifically, proxies of socioeconomic status and vascular risk factors were not directly
modelled as exposures in Study I and study II; instead, they were adjusted for as covariates
(confounders) to limit their potential confounding effect. The APOE-¢4 allele was also
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considered a confounder in Study II and study IV. In addition, we implemented the analysis
stratified by APOE genotypes, whenever appropriate, to minimize the impact of confounders.

However, complete avoidance of confounding bias in the project is not possible to achieve due
to the imperfect assessment of some confounders and the lack of some potential confounders.
For example, some MRI measures of structural brain aging, such as cerebral microbleeds and
microinfarcts, are associated with cardiovascular risk factors (177, 178), cognitive decline (178,
179), and MRI markers of structural brain aging which were assessed in our project (6). The
lack of these MRI measures may have introduced challenges in accurately assessing the
association of WMHs with cognitive decline in Study II, and the role of CR capacity in
transitions of cognitive states in Study I'V. Future research is warranted to incorporate a broader
range of imaging measures of brain aging.

5.3.4 Random errors

Random errors in population-based studies arise from the intrinsic variability in the
measurement process. In our project, we have taken several measures to mitigate these errors
effectively. First and foremost, we employed a team of highly trained staff dedicated to
collecting accurate and precise data. Additionally, a rigorous data quality check procedure was
implemented to identify and rectify any potential errors. In cohort studies, the effect of random
errors may be reduced by extending the sampling size and prolonging the follow-up period
during the initial stages of study design. This may help to enhance the statistical power and
generate more reliable results.
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6 Conclusions

This doctoral project has provided insights into the progression of structural brain aging and its
relationship with cognitive decline and the roles of CVH metrics and CR capacity in brain
aging. The main conclusions are summarized below.

o The rate of structural brain aging accelerates with advancing age. Furthermore, cerebral
microvascular lesions are associated with accelerated brain atrophy in structural brain
aging.

e WMHs, a hallmark of structural brain aging, are linked to an accelerated decline in
multiple cognitive domains, except for memory. Faster accumulation of WMHs,
particularly in deep brain regions, is associated with an accelerated decline in perceptual
speed and executive function.

e The favorable CVH profile is associated with a slower progression of structural brain
aging and could mitigate the effects of metabolic genetic risk on structural brain aging.

e Having a great CR capacity could contribute to maintaining cognitive health in the
prodromal phase of dementia, regardless of burdens of structural brain aging. In people
with CIND, the higher CR capacity is associated with a lower mortality rate in
individuals in the earlier stage but not the later stage of old age.
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7 Points of perspective

This doctoral project has contributed new knowledge to the current literature regarding the
progression of pathological brain aging and the complex interplay among CVH metrics,
metabolic genetic risk, and composite CR capacity in structural brain aging and cognitive
transition in aging. These findings have potential implications that can inform future directions
in research and policy development.

Key findings from this project highlight the importance of CVH profiles and metabolic genetic
predisposition in structural brain aging as well as the significance of lifelong CR capacity in
late-life cognitive phenotypes. Reducing cerebral microvascular lesions in older individuals by
promoting healthier lifestyles becomes crucial for maintaining cognitive function, thus
enhancing overall well-being. Moreover, the research findings emphasize the need of
enhancing CR capacity from the life-course perspective. This knowledge has implications for
policymakers to develop public policy on mental and physical health in old age, to establish
health educational programs, and to implement lifestyle interventions. This will eventually help
the public to achieve healthy structural brain aging and cognitive health in aging.

These insightful findings also pave the way for future research, in terms of the following
aspects:

e Integrating structural brain aging markers with aging biomarkers of peripheral and
cerebral neuronal systems (vascular and neurodegenerative pathology) to study brain
aging and cognitive outcomes, as well as better understand mechanisms of CR.

e Verification of the findings among diverse populations.

e Exploring the burden and development of certain brain aging markers such as
microinfarcts and cerebral microbleeds in relation to cognitive decline or phenotypes in
aging.

e Proposing age-specific CVH goals in order to provide valuable insights into
maintaining brain and physical health, particularly in the very old population.

e Investigating whether improving CVH status or enhancing CR capacity through
lifestyle adjustments can slow down the brain aging process in longitudinal
interventional studies.
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