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ABSTRACT
Aging is the single most important risk factor for dementia, and aging is also
associated with changes in cognitive abilities even in healthy aging individuals.
Cognitive ability, non-pathological cognitive aging and the risk of dementia
can be influenced by the developmental environment, health and lifestyle over
the lifespan as well as heritable factors. However, truly lifespan studies on
cognitive aging have been scarce, and many of the associations with major risk
factors are not fully understood.
This thesis is based on the Helsinki Birth Cohort Study and investigates
four study objectives that expand the existing research literature on risk
factors for non-pathological cognitive aging and the risk of dementia. We
examined whether breastfeeding infancy and its longer duration is associated
with higher cognitive ability in old age and aging-related change in cognitive
ability (Study I), whether cognitive ability in early adulthood is associated with
risk of any-onset, early-onset and late-onset dementia and Alzheimer’s disease
(Study II), whether the APOE gene ɛ2/ɛ3/ɛ4 major isoforms and rs405509
promoter and rs440446 intron-1 polymorphisms are independently
associated with the risk of dementia (Study III), and whether the APOE gene
ɛ4 major isoform and rs405509 promoter and rs440446 intron-1
polymorphisms are independently associated with higher cognitive ability in
old age aging-related change in cognitive ability (Study IV).
The Helsinki Birth Cohort Study (n = 13345) comprises 8760 men (n =
4630) and women (n = 4130) born in the Helsinki University Central Hospital
in 1934-44. Data on breastfeeding in infancy were extracted from birth and
child welfare clinic records, and diagnoses of organic dementia until December
31, 2013 were derived from national registers. 2785 men took the Finnish
Defence Forces Basic Intellectual Ability Test as part of their compulsory
military service in 1952-1972 at mean age 20.1 years (SD = 1.4, range = 17.0 28.1), and 931 of them also participated in an invitation-based retest using the
same test battery in 2009 at mean age 67.9 years (SD = 2.5, range = 64.5 –
75.7). In 2001-2004, 2003 men and women participated in a clinical study
including genotyping. We had data available on APOE gene ɛ2/ɛ3/ɛ4 major
isoforms and rs405509 promoter polymorphisms for 1453 of them. Of the
sample with data available on APOE gene ɛ2/ɛ3/ɛ4 major isoforms and
rs405509 promoter polymorphisms, 404 men had data available on cognitive
ability available at mean age 20.1 (SD = 1.5, range = 17.1 - 26.6). The methods
of statistical analysis included linear and mixed model regressions and Cox
proportional hazard models.
The men who were breastfed in infancy compared to those who were not
breastfed, and men who were breastfed for a longer duration, had higher
cognitive ability scores in young adulthood and old age. Furthermore,
cognitive ability verbal subtest scores decreased between young adulthood and
3

old age in the men who were not breastfed or were breastfed for less than three
months whereas they increased in the men who were breastfed for at least
three months (Study I). The men who had lower cognitive ability scores in
young adulthood had a higher risk of early-onset dementia, but not of lateonset dementia. Also, in the subsample who had data available on cognitive
ability in old age, the men who had lower cognitive ability scores in old age,
and showed greater aging-related change in cognitive ability over five decades
from young adulthood to old age, had a higher risk of late-onset dementia
received after the cognitive ability retest (Study II). The ɛ4 major isoform of
the APOE gene was independently associated with the risk of dementia but the
number of minor alleles in rs405509 or rs440446 were not (Study III). The
number of minor alleles in rs405509 and rs440446, but not APOE ɛ4, were
associated with lower cognitive ability scores in old age independently of
APOE major isoforms, and in APOE ɛ3/3 isoform carriers the number of minor
alleles in rs405509 and rs440446 was also associated with greater agingrelated change in the visuospatial subtest score (Study IV).
The findings from Study I are in agreement with previous studies that have
found that being breastfed in infancy is associated with higher cognitive ability
in adulthood and suggest that the benefits of breastfeeding may persist into
old age, particularly with longer durations. The findings from Study II
reinforce previous suggestions that cognitive ability in early life is a risk factor
for dementia in later life, however the findings also suggest that this
association may vary according to the time of dementia onset and the age of
cognitive ability measurement. Our findings in Study III replicate the welldocumented finding that APOE ɛ4 is an independent risk factor for dementia
and suggests that in this cohort rs405509 and rs440446 are not. Our findings
in Study IV suggest that in this cohort rs405509 and rs440446 are associated
with cognitive ability and aging-related change in cognitive ability
independent of APOE major isoforms, but APOE ɛ2 or ɛ4 are not.
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TIIVISTELMÄ
Ikääntyminen on dementian tärkein yksittäinen riskitekijä, ja ikääntymiseen
liittyy kognitiivisen kyvykkyyden muutoksia myös terveillä ikääntyvillä
ihmisillä. Kognitiiviseen kyvykkyyteen, ei-patologiseen kognitiiviseen
ikääntymiseen ja dementian riskiin voivat vaikuttaa kehitysympäristö, terveys
ja elämäntavat läpi koko elämänkaaren sekä perinnölliset tekijät. Koko
elämänkaaren kattavat kognitiivisen ikääntymisen tutkimukset ovat kuitenkin
olleet harvinaisia, eikä monia yhteyksiä merkittäviin riskitekijöihin täysin
ymmärretä.
Tämä Helsingin syntymäkohorttitutkimukseen (Helsinki Birth Cohort
Study) perustuva väitöskirja kohdistuu neljään tutkimuskysymykseen, jotka
laajentavat ei-patologista kognitiivista vanhenemista ja dementian riskiä
koskevaa tutkimuskirjallisuutta. Tarkastelimme, onko rintaruokinta
imeväisiässä ja sen pidempi kesto yhteydessä korkeampaan kognitiiviseen
kyvykkyyteen vanhuusiässä ja ikääntymiseen liittyvään kognitiivisen
kyvykkyyden muutokseen (Osajulkaisu I); onko kognitiivinen kyvykkyys
nuoressa aikuisiässä yhteydessä yleiseen, tai varhain tai myöhään puhkeavan
dementian ja Alzheimerin taudin riskiin (Osajulkaisu II), ovatko APOE-geenin
ɛ2/ɛ3/ɛ4 –pääisoformit ja rs405509 promoottori- ja rs440446 intron-1 –
jakson polymorfismit itsenäisesti yhteydessä dementian riskiin (Osajulkaisu
III), ja ovatko APOE-geenin ɛ4 –pääisoformi ja rs405509 promoottori- ja
rs440446 intron-1 –jakson polymorfismit itsenäisesti yhteydessä
korkeampaan kognitiiviseen kyvykkyyteen vanhuusiässä ja ikääntymiseen
liittyvään kognitiivisen kyvykkyyden muutokseen (Osajulkaisu IV).
Helsingin syntymäkohorttitutkimukseen (n = 13345) kuuluu 8760
Helsingin yliopistollisessa keskussairaalassa syntynyttä miestä (n = 4630) ja
naista (n = 4130). Tiedot rintaruokinnasta imeväisiässä saatiin
neuvolakorteista, ja tiedot elimellisen dementian diagnooseista 31.12.2013 asti
saatiin kansallisista rekistereistä. 2785 miestä teki Suomen puolustusvoimien
Peruskoe 1 -päättelytestin osana pakollista asevelvollisuuttaan vuosina 19521972 keskimäärin 20.1 vuoden iässä (keskihajonta = 1.4, vaihteluväli = 17.0 –
28.1), ja heistä 931 osallistui myös kutsupohjaiseen uudelleentestaukseen
käyttäen samaa testipatteria vuonna 2009 keskimäärin 67.9 vuoden iässä
(keskihajonta = 2.5, vaihteluväli = 64.5 - 75.7). Vuosina 2001-2004 2003
naista ja miestä osallistui genotyyppauksen sisältävään kliiniseen
tutkimukseen. Tiedot APOE-geenin ɛ2/ɛ3/ɛ4 –pääisoformeista ja
promoottorijakson rs405509 polymorfismeista olivat saatavilla 1453 mieheltä
ja naiselta. Otoksesta, joilta tiedot APOE-geenin ɛ2/ɛ3/ɛ4 –pääisoformeista ja
promoottorijakson rs405509 polymorfismeista olivat saatavilla, 404 mieheltä
oli saatavilla tiedot kognitiivisesta kyvykkyydestä keskimäärin 20.1 vuoden
iässä (keskihajonta = 1.5, vaihteluväli = 17.1 – 26.6). Tilastollisen analyysin
menetelminä käytettiin lineaarista regressiota, sekamalliregressiota sekä
Coxin suhteellisten riskitiheyksien mallia.
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Imeväisikäisinä rintaruokituilla miehillä verrattuna niihin joita ei ollut
rintaruokittu, ja miehillä joita oli rintaruokittu pidempään, oli korkeammat
kognitiivisen kyvykkyyden testipisteet nuoressa aikuisiässä ja vanhuusiässä.
Lisäksi kognitiivisen kyvykkyyden sanallisen osatestin pisteet laskivat nuoren
aikuisiän ja vanhuusiän välillä miehillä, joita oli rintaruokittu alle kolme
kuukautta mutta nousivat miehillä, joita oli rintaruokittu vähintään kolme
kuukautta (Osajulkaisu I). Miehillä, joilla oli matalammat kognitiivisen
kyvykkyyden testipisteet nuoressa aikuisiässä, oli korkeampi varhain
puhkeavan dementian riski, mutta ei korkeampaa myöhään puhkeavan
dementian riskiä. Lisäksi osaotoksessa, jolta tiedot kognitiivisesta
kyvykkyydestä olivat saatavilla myös vanhuusiässä, miehillä joilla oli
matalammat kognitiivisen kyvykkyyden pisteet vanhuusiässä, ja miehillä joilla
ikääntymiseen liittyvä kognitiivisen kyvykkyyten muutos viiden
vuosikymmenen aikana nuoren aikuisiän ja vanhuusiän välillä oli suurempaa,
oli korkeampi myöhään puhkeavan dementian riski kognitiivisen
kyvykkyyden uudelleentestauksen jälkeen (Osajulkaisu II). APOE-geenin ɛ4pääisoformi oli itsenäisesti yhteydessä dementiariskiin mutta vähäisempien
alleelien lukumäärät rs405509:ssä ja rs440446:ssa eivät olleet (Osajulkaisu
III). Vähäisempien alleelien lukumäärät rs405509:ssa ja rs440446:ssa olivat
yhteydessä matalampaan kognitiiviseen kyvykkyyteen vanhuusiässä mutta
APOE ɛ4 ei ollut, ja APOE ɛ3/3 –isoformien kantajilla vähäisempien alleelien
lukumäärät rs405509:ssa ja rs440446:ssa olivat yhteydessä suurempaan
ikääntymiseen liittyvään muutokseen näönvaraisen päättelyn osatestin
pisteissä (Osajulkaisu IV).
Osajulkaisun I havainnot ovat yhteensopivia aikaisempien tutkimusten
kanssa, joissa on havaittu, että rintaruokinta imeväisiässä on yhteydessä
korkeampaan kognitiiviseen kyvykkyyteen aikuisiässä ja viittaavat siihen, että
erityisesti pidempikestoisen rintaruokinnan hyödyt voivat säilyä
vanhuusikään saakka. Osajulkaisun II havainnot tukevat aikaisempia
viittauksia siihen, että varhaisiän kognitiivinen kyvykkyys on yhteydessä
myöhäisempään dementian riskiin, joskin havainnot myös viittaavat, että
yhteys voi vaihdella riippuen dementian puhkeamisen ja kognitiivisen
kyvykkyyden mittaamisen iästä. Havaintomme Osajulkaisussa III toistavat
usein havaitun tuloksen, jonka mukaan APOE ɛ4 on itsenäisesti yhteydessä
dementian riskiin ja lisäksi viittaavat, että tässä kohortissa rs405509 ja
rs440446 eivät ole. Havaintomme Osajulkaisussa IV viittaavat siihen, että
tässä kohortissa rs405509 ja rs440446 ovat itsenäisesti yhteydessä
kognitiiviseen kyvykkyyteen ja ikääntymiseen liittyvään kognitiivisen
kyvykkyyden muutokseen, mutta APOE ɛ2 tai APOE ɛ4 eivät ole.
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1 INTRODUCTION
The elderly population across the world is increasing with rising life
expectancies and falling fertility rates (World Health Organization, 2015). In
Finland, the population over 65 years of age has grown from 15% in the year
2000 to 17.5% in 2010, and population growth projections indicate steady
growth: the number of Finnish citizens over 65 is estimated to be almost 1.3
million (22.6%) in 2020 and over 1.5 million (26.3%) in 2040 (Official
Statistics of Finland, 2015). With a quarter of the national population over age
65, the health of the elderly population is an increasingly important issue for
public health. The World Health Organization policy recommendations to
enhance the quality of life of the ageing population include prevention and
reduction of disability and major diseases and promotion of late-life health by
reducing risk factors and increasing protective factors for life-long health
(World Health Organization, 2002).
Aging brings with it changes in the cognitive functioning of even many
healthy individuals. The severity of cognitive changes varies between
individuals, and one approach to the cognitive consequences of aging has been
to define successful cognitive aging as minor decreases in cognitive
functioning that have no adverse impact on the individual’s everyday life,
contrasted with impairments severe enough to warrant a clinical diagnosis of
dementia or mild cognitive impairment (Daffner, 2010).
Dementia has a marked impact in an individual, societal and economical
sense. Dementias are devastating to an individual’s ability to function, but also
impact their immediate family, greatly reducing the quality of life (Prince,
Wimo, Guerche, Ali & Prina, 2015). Furthermore, dementia ranks among the
top ten most burdensome diseases measured by mortality and years lived with
disability (Prince, Albanese, Guerchet & Prina, 2014), and also places a high
economic burden on societies. The global societal cost of dementia including
costs of direct and indirect care was estimated as 818 billion US dollars, or
1.09% of global gross domestic product, which is 35.4% more than was
estimated in the year 2010 (Prince et al, 2015). While no known cure for
dementia exists, it has been estimated that approximately a third of dementia
diagnoses are attributable to modifiable risk factors (Livingston et al, 2017;
Norton et al, 2014), suggesting that prevention or delay of dementia by
influencing its risk factors is a promising avenue to reduce the burden of the
disease.
Even in individuals without dementia, higher cognitive ability is associated
with a higher ability to successfully deal with many tasks of everyday life
(Gottfredson, 1997). Cognitive ability is also a predictor of lifespan physical
health and mortality due to its associations with engagement in healthpromoting behaviors (Gottfredson & Deary, 2004; Whalley & Deary, 2001) as
well as social engagement and participation in mental and physical activities
13

over the lifespan that protect against dementia (Fratiglioni, Paillard-borg &
Winblad, 2004). As cognitive ability is associated with health and health
behaviors across the entire lifespan, studies on factors that predict individual
differences in cognitive ability and aging-related cognitive change as well as
their relationship with dementia risk over the lifespan can provide valuable
information to maintain health and well-being in the aging population.
Due to the increasing elderly population, the universal nature of agingrelated changes in cognition and the burden of dementia on individuals and
societies, late-life cognitive health is a key public health issue. While the
identification of risk and protective factors is widely recognized as a high
research priority, truly lifespan studies on cognitive aging have been scarce.
The four studies comprising this thesis seek to expand the knowledge-base on
factors that affect the risk of non-pathological cognitive aging and dementia.
1.1

1.1.1

NON-PATHOLOGICAL COGNITIVE AGING

COGNITIVE ABILITY

Cognitive abilities refer to a diverse group of mental information-processing
skills, and there is no single agreed-upon comprehensive list of these abilities.
In a psychometric sense distinct cognitive abilities have been defined as latent
constructs that cannot be observed directly but may be measured indirectly by
different individual cognitive measures that are more strongly correlated
among themselves than other similarly formed groups of measures based on
their content (Carroll, 1993). Cognitive abilities can be further hierarchically
organized into more abstract, higher-order groups of abilities based on their
intercorrelations (Carroll, 1993). Furthermore, most cognitive measures of the
same individual are positively correlated (Johnson, te Nijenhuis & Bouchard,
2008; Spearman, 1904), a finding which many hierarchical models of
cognitive abilities have accounted for by including a common variance factor,
often called general cognitive ability, or ‘g’ in shorthand, at the highest, most
abstract level of the hierarchy (Carroll, 1993).
Cognitive abilities represent both accumulated knowledge of the world and
the ability to use the knowledge in an adaptable manner, and are influenced
by both sociocultural and biological processes. These dichotomies are often
referred to using the higher-order groups of abilities referred to as fluid and
crystallized abilities (Cattell, 1943; Cattell, 1963; Horn & Cattell, 1967): fluid
abilities are thought to be neurobiologically based and represent adaptable
on-the-spot thinking (Cattell, 1963), while crystallized abilities represent
socioculturally acquired thinking skills based on experience (Cattell, 1963).
While there have been differences between studies, abilities consistently found
to be strongly related to fluid abilities include inductive, quantitative and
sequential reasoning ability, visualization and spatial relations (Carroll, 1993).
14

Crystallized abilities have commonly included abilities that involve language
either directly or indirectly, such as general information, spelling, reading
comprehension, word fluency, verbal ability, ideational fluency and lexical
knowledge (Carroll, 1993). Of memory abilities, memory span and general
memory ability have also been consistently, but possibly not as strongly
related to fluid abilities (Carroll, 1993). However, the division is not entirely
clean-cut, as some cognitive abilities, such as associative memory, are
correlated with higher-order factors representing both fluid and crystallized
abilities (Carroll, 1993).
While much of the literature on cognitive aging has involved the study of
memory, this thesis particularly focuses on cognitive ability measured by
reasoning ability tests. Reasoning ability has been found to approximate an
individual’s general cognitive ability quite closely, though the individual
reasoning tasks included in different studies may be more closely related to
either fluid or crystallized abilities depending on their content (Carroll, 1993)
and thus more sensitive to biological or sociocultural influences. Furthermore,
reasoning ability has been considered to be an aspect of cognitive abilities that
forms one essential feature of intelligence (Binet & Simon, 1905; Schaie, 2013),
which is a concept often used interchangeably with general cognitive ability.

1.1.2

AGING-RELATED CHANGE IN COGNITIVE ABILITY

The level of an individual’s cognitive ability varies with age. Aging-related
cognitive change usually refers to negative change that is attributable to
increase in age in healthy individuals. Studies on the age at which agingrelated change in cognitive ability begins have defined the time of onset of
change in different ways, such as as the age at which the individual’s cognitive
ability measure is statistically significantly different from a previously
measured level of ability (e.g. Schaie, 2013) or as the earliest age range over
which the increase in age is found to be a significant predictor of change in
cognitive ability (Singh-Manoux et al., 2012). Estimates of the time of onset of
aging-related change have likewise varied between studies. Some longitudinal
studies have suggested that significant aging-related changes in intellectual or
reasoning abilities can be found in the age 60s (Schaie, 2013; Zelinski &
Burnight, 1997), while others have reported changes beginning already in the
40s (Singh-Manoux et al., 2012; Zimprich & Mascherek, 2010). Compared to
longitudinal studies, cross-sectional studies of age-related differences in
cognitive ability have tended to provide larger and earlier estimates of the
timing of aging-related change (Schaie, 2013; Singh-Manoux et al., 2012);
some cross-sectional comparisons have reported age-related differences as
early as before age 30 (Salthouse, 2009).
The discrepancies between longitudinal and cross-sectional estimates of the
onset of aging-related cognitive change have been attributed to several factors.
Longitudinal studies may underestimate the changes due to the practice effect
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of test scores improving as a result of testing experience (Salthouse, 2009) or
due to selective attrition, as the individuals who show the most decline are also
the ones most likely to drop out of follow-up (see Hultsch, 1992). On the other
hand, cross-sectional comparisons may overestimate age-related differences
due to cognitive ability levels increasing with time along with cultural and
historical factors such as educational and health care opportunities (Flynn,
1987; Hofer, Sliwinski & Flaherty 2002) and increased engagement in mental
activity (Flynn, 2007).
Different cognitive abilities follow different aging-related trajectories.
Broadly speaking, an individual’s cognitive abilities follow a lifespan trajectory
of increase through childhood and adolescence, reach their lifespan peak in
adulthood, and after a period of relative stability decrease in old age even in
many healthy aging individuals. The ages when different cognitive abilities
reach their lifespan peak have been found to vary widely, from before the 20s
to the 50s (Hartshorne & Germine, 2015). Abilities have been grouped into two
broad patterns of aging-related trajectories between mainly biologically
determined and socioculturally acquired abilities that correspond to the fluid
and crystallized types of cognitive ability (Horn & Cattell, 1967). Fluid abilities
reach their lifespan peak in early adulthood and are prone to decline with age
(Schaie, 2013; Verhaeghen & Salthouse, 1997; Zimprich & Mascherek, 2010)
due to declining biological efficiency of the cognitive processing system,
whereas crystallized abilities reach their peak later, increasing into midlife or
even old age, and tend to show decline only in advanced old age (Park et al.,
2002; Schaie, 2013; Uttl, 2002; Zimprich & Mascherek, 2010) due to
influences from both sociocultural learning and biologically imposed limits
associated with aging.
Different aspects of long-term memory function likewise are differentially
prone to aging-related change. Particularly episodic memory performance, or
memory for experienced events tends to show decrease with normal aging,
while semantic memory, memory for factual knowledge that is closely related
to crystallized intelligence tends to increase until very old age (Drag &
Bieliauskas, 2010). Generally, more effortful memory functions are more likely
to show aging-related change than automatic ones (Craik & McDowd, 1987;
Hasher & Zacks, 1979; Perlmutter, 1979).
While some degree of negative aging-related change compared to the
absolute lifespan peak level of cognitive ability usually occurs with healthy
aging, higher cognitive ability in early life is predictive of higher cognitive
ability in later life, as cognitive ability shows high rank-order stability over the
entire lifespan (Deary, Whalley, Lemmon, Crawford, & Starr, 2000). It has
also been found in some (Deary, MacLennan & Starr, 1999; Finkel, McArdle,
Reynolds, Hamagami & Pedersen, 2009), but not all studies (Christensen &
Henderson, 1991) that the rate of aging-related change in cognitive ability is
slower in those with a higher adult level of cognitive ability. There are wide
individual differences in the magnitude of aging-related cognitive change
(Christensen et al., 1999; Wilson et al., 2002), and some (Christensen et al,
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1994; Christensen et al., 1999; Morse, 1993), but not all (Lindenberger &
Baltes, 1997) studies have reported that individual differences in several
cognitive abilities may increase with age as a result of some individuals
showing very little change and others showing more pronounced decline.
1.2

1.2.1

PATHOLOGICAL COGNITIVE AGING

DEMENTIA

Dementias refer to diseases caused by one or more of several progressive
neuropathologies that lead to severe decline of cognitive functions, loss of
ability to function independently in everyday life, and eventually death. This
thesis examines dementia and Alzheimer’s disease in particular as forms of
pathological cognitive aging, however some aging individuals experience a less
severe decrease in their cognitive functioning that does not impair
independent daily functioning and receive a diagnosis of mild cognitive
impairment (Gauthier et al., 2006). While individual differences in cognitive
aging are more accurately conceived as a continuum than as distinct categories
(Deary et al, 2009), this simplified distinction between pathological and nonpathological cognitive aging is employed for the purposes of this thesis.
The most commonly diagnosed forms of dementia are Alzheimer’s disease
(estimated 50-75% of dementia diagnoses), vascular dementia (20-30%),
dementia with Lewy bodies (under 5%) and frontotemporal dementia (5-10%)
(Prince et al, 2014). Alzheimer’s disease is heterogenous disease with multiple
subtypes (Murray et al., 2011) and a rare familial form (Campion et al., 1999),
however the term usually refers to the more common sporadic form of the
disease. The cognitive manifestations of Alzheimer’s disease include a
gradually progressing decline in episodic memory and other cognitive
impairments and neuropsychiatric symptoms such as apathy or delusions
(Dubois et al., 2007), and the disease is also associated with changes in
hippocampal function that differ from normal aging and atrophy of the cortical
memory network (Nestor, Scheltens, & Hodges, 2004; Ries et al., 2008).
Alzheimer’s disease develops over a very long preclinical period, and may
progress as long as decades before dementia is diagnosed (Sperling et al., 2011;
Villemagne et al., 2013).

1.2.2

DEMENTIA PREVALENCE AND INCIDENCE

It has been estimated that in 2015 there were almost 47 million people
worldwide suffering from some form of dementia, 10.5 million of them in
Europe, and with the trend of rising life expectancies and consequent increase
in the elderly population, the number has been estimated to almost double
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every 20 years (Prince et al, 2015). In 2015, dementia prevalence estimates in
the population over 60 years of age in 2015 varied between 4.6 – 8.4% across
the world; the prevalence estimate for Western Europe Global Burden of
Disease region, which includes Finland, was 6.8% (Prince et al, 2015). The
prevalence of dementia increases with age and is higher in women than in
men: in the Western European region prevalence among those aged 65-69 for
both sexes was 2.6 (men 1.8%, women 3.2%), among those aged 75-79 it was
7.3 (men 4.7%, women 8.7%), and among those aged 85-89 it was 20.5 (men
12.6%, women 23.7%) (Prince et al, 2015).
Nearly 10 million new dementia cases have been estimated to occur globally
per year, of them slightly less than 2.5 million in Europe; global age- and
gender-standardized incidence for the population over 60 years was 17.3 per
1000 person-years (the number of new cases per 1000 persons in one year)
(Prince et al, 2015). Dementia incidence rises exponentially with age, and in
the Western European region the incidence rates per 1000 person-years, were
5.3 for ages 65-69, 17.3 for ages 75-79, and 57.0 for ages 85-89 (Prince et al,
2015). However, there have been reports of a trend of declining dementia
incidence in some regions, possibly due to improvements in the recent decades
in education, living conditions and prevention and treatment of vascular and
chronic diseases (e.g. Matthews, Stephan, Robinson, Barnes, Arthur & Brayne,
2016; Wu, Fratiglioni, Matthews, Lobo, Breteler, Skoog & Brayne, 2016).
While dementia is mainly a disease of old age, some individuals receive a
diagnosis of dementia earlier in their life. Early-onset dementia (often also
called young-onset dementia) is conventionally defined based on time of
diagnosis before 65 years of age, and while prevalence estimates have been
scarce and shown wide variance (Reynish et al, 2006), it has been estimated
that between 2% and 10% of all dementias begin before the age of 65 years
(World Health Organization, 2012). As no cure is known for dementia the
duration of the disease is essentially a question of survival, and the average life
expectancy after diagnosis of Alzheimer’s disease is from 3 to 9 years
(Querfurth & Laferla, 2010; Todd, Barr, Roberts, & Passmore, 2013). However,
the time of onset and manifestation of the disease can be modified by
influencing other factors such as lifestyle, health behaviors or education
(Prince et al., 2014).
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1.3

1.3.1

PROPOSED MECHANISMS OF COGNITIVE AGING

NON-PATHOLOGICAL COGNITIVE AGING

1.3.1.1 Aging-related changes in brain structure
The causes of aging-related change in cognitive ability are not known. As the
brain and cognition are intrinsically linked, numerous studies have sought the
biological basis of cognitive aging by examining correlations between agingrelated changes in brain structure and cognitive ability. While the findings
have not been entirely consistent (Raz & Kennedy, 2009; Raz & Rodrigue,
2006; Salthouse, 2011), reviews have concluded that overall aging-related
cognitive change is to a meaningful degreee mediated by neuroanatomical
changes associated with aging (Fjell & Walhovd, 2010; Raz & Rodrigue, 2006).
Accordingly, brain structures and basic cognitive functions that are associated
with them have been considered to be possible endophenotypes, i.e. mediating
phenotypes between genes and cognitive ability (Deary, Penke, & Johnson,
2010; Gottesman & Gould, 2003).
The structure of the brain undergoes many changes with aging. Normal
aging is associated with decreases in total brain volume (Haug & Eggers, 1991),
cortical thickness (Salat et al., 2004), the volume of grey matter, which
consists mainly of neurons, and the volume (Resnick, Pham, Kraut,
Zonderman, & Davatzikos, 2003; Salat et al., 2009) and structural integrity
(Head et al, 2004) of white matter, which consists of myelinated axons that
are involved in rapid long-distance transmission of activation between brain
regions. These aging-related changes have been in many studies found to be
more pronounced in anterior regions of the brain compared to more posterior
regions (Bartzokis, 2004; Head et al, 2004; Raz et al., 2004; Resnick et al.,
2003; Salat et al., 2004).
General cognitive ability in healthy individuals is positively correlated with
total brain volume (McDaniel, 2005), and aging-related change in cognitive
ability has likewise been found to be correlated with aging-related decrease in
brain volume (Rabbitt et al, 2008). Correlations between cognitive abilities
and brain structural measures have been reported with multiple brain regions
and structures, however there is little evidence to suggest that a specific brain
structure or region would be particularly closely linked with cognitive ability
compared to others (Andreasen et al., 1993; Flashman, Andreasen, Flaum, &
Swayze, 1997; MacLullich et al., 2002); instead, it has been thought that the
neuroanatomical basis of cognitive ability more likely involves the structure of
the entire brain (MacLullich et al., 2002) or distributed areas of the brain
(Basten, Hilger, & Fiebach, 2015; Colom et al., 2009; Jung & Haier, 2007).
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1.3.1.2 Aging-related change in basic cognitive functions
While the biological mechanisms that may explain the correlations between
brain structure and cognition are not known (Luders, Narr, Thompson, &
Toga, 2009), aging-related change in cognitive ability has been thought to be
mediated by aging-related decreases in the capacity of basic cognitive
mechanisms that represent common processing resources required for
different cognitive tasks (Park, 2000). Basic cognitive mechanisms that have
been found to explain individual differences in cognitive ability include
executive functions (Schretlen et al., 2000), working memory (Kyllonen &
Christal, 1990; Salthouse, 1993; Salthouse, 1991), mental speed (Clay et al,
2009; Schretlen et al., 2000; Sheppard & Vernon, 2008) and sensory
functions (Baltes & Lindenberger, 1997; Lindenberger & Baltes, 1994). In
accordance with the suggestion that the basic cognitive functions may act as
mediators between aging-related change in cognitive ability and the biological
aging processes, different theories have been proposed to account for the
associations between aging-related changes in cognitive ability and agingrelated changes in brain structure. The frontal aging theory, the processing
speed theory and sensory aging theory are relevant as potential explanations
to the relationships between aging-related changes in cognitive ability and
brain structure for this thesis due to their theoretical applicability to our
cognitive ability measure and possible biological mechanisms that may explain
its associations with other study variables.
According to the frontal aging theory, aging-related changes in executive
functions and working memory are thought to mediate changes in cognitive
ability. Aging-related change in executive functions may mediate aging-related
changes in cognitive ability either due to failures to apply correct processing
strategies (Robbins et al., 1998; Rodríguez-Aranda & Sundet, 2006; Salthouse,
Atkinson, & Berish, 2003), decreases in attentional capacity (Mapstone,
Dickerson, & Duffy, 2008; McDowd & Craik, 1988) or decreases in the ability
to inhibit task-irrelevant information during processing (Gazzaley, Cooney,
Rissman, & D’Esposito, 2005). Working memory may mediate aging-related
change in cognitive ability by imposing limitations on the amount of
information that can be actively processed (Baddeley, 1992), as working
memory capacity is smaller in older adults than younger adults (Bopp &
Verhaeghen, 2005; Verhaeghen & Salthouse, 1997). The frontal aging theory
has its basis on the findings that anterior regions of the brain are affected by
aging to a more pronounced degree than posterior regions (Bartzokis, 2004;
Head et al, 2004; Raz et al., 2004; Resnick et al., 2003; Salat et al., 2004), and
aging-related changes in executive functions (Buckner, 2004; Head, Snyder,
Girton, Morris, & Buckner, 2005) and working memory (Charlton, Barrick,
Lawes, Markus, & Morris, 2010; Colom et al., 2013; Head, Kennedy, Rodrigue,
& Raz, 2009; Zahr, Rohlfing, Pfefferbaum, & Sullivan, 2009) have been linked
with aging-related changes in anterior regions of the brain.
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Aging-related changes in cognitive ability have also been attributed to
general slowing of cognitive processes with aging. According to the processing
speed theory of aging, aging-related decrease in mental speed may mediate
cognitive performance either due to limitations of time available for
processing tasks, or due to loss of outputs of earlier processing that are
relevant for consequent processing tasks (Salthouse, 1996). Aging-related
changes in mental speed have been found to be correlated with changes in
white matter across the brain (Andrews-Hanna et al., 2007; Charlton et al.,
2006; Madden et al., 2004; Madden, Bennett, & Song, 2009), and also agingrelated decreases in total brain volume (Rabbitt et al, 2008; Rabbitt et al.,
2006; Wickett, Vernon, & Lee, 2000).
According to sensory aging theories, aging-related cognitive changes are
mediated by changes in sensory processing or acuity, and different views of
the mechanism involved have been proposed. Aging-related changes in
sensory function may mediate cognitive performance by increasing demands
on the limited resources that are shared between cognitive processing tasks
(McCoy et al., 2005; Pichora‐Fuller, Schneider, & Daneman, 1995;
Surprenant, 2007), however it has also been suggested that the association
between sensory functions and cognitive performance may reflect a common
underlying process of widespread brain aging that explains both the sensory
and the cognitive changes (Baltes & Lindenberger, 1997; Lindenberger,
Scherer & Baltes, 2001).

1.3.2

DEMENTIA PATHOLOGY

Dementia diseases are complex and not well understood. The biological
mechanisms that connect the pathological processes with the manifestation of
symptoms are not known (Savva et al., 2009), though the cognitive
manifestation of Alzheimer’s disease is thought to be related to loss of brain
connectivity due to loss of synapses (Terry & Katzman, 2001; Terry et al.,
1991). However, there is wide variance in the severity of the cognitive
symptoms manifested by individuals with a similar progress of dementia
pathology (Ince, 2001; Matthews et al., 2009; Roth, Tomlinson, & Blessed,
1967), and furthermore, dementia pathologies commonly occur together with
each other as well as other neuropathological changes (Brayne, Richardson,
Matthews, Fleming, & Hunter, 2009; Haroutunian, Serby & Purohit, 2000;
Ince, 2001; Sonnen et al, 2011). Furthermore, neuropathologies related to
dementias are often present in cognitively healthy individuals (Brayne et al.,
2009; Sonnen et al, 2011) and contribute to aging-related cognitive change in
individuals without a diagnosis of dementia. While dementias manifest as
cognitive symptoms these are distinct from the cognitive changes in normal
aging, and most of the interindividual variance in aging-related change in
cognitive ability is explained by other factors (Boyle et al., 2013).
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Alzheimer’s disease is pathologically characterized by neuron death that is
correlated with the formation of neurotoxic senile plaques composed of the
amyloid-β substance and neurofibrillary tangles composed of misfolded tau
protein in the brain over a long period of time (Ballard et al., 2011; Braak &
Braak, 1991; Hardy & Selkoe, 2002). However, the causal roles of the
pathological processes in the disease process and their possible relations to
each other remain unclear (Ballard et al., 2011; Bandiera, Lansen, Post &
Varasi, 1997; Small & Duff, 2008), though the neurotoxic effects of amyloid-β
may be dependent on tau protein (Robertson et al., 2007).
1.4

1.4.1

RISK AND RESILIENCE FACTORS

RESERVE CAPACITY

An individual’s degree of tolerance to dementia pathology before the disease
manifests as cognitive symptoms varies according to the resilience and
adaptability of their neural system. The degree of tolerance to dementia
pathology is known as cognitive or brain reserve capacity, and the cognition of
an individual with a higher compared to lower reserve capacity is better
preserved given an equivalent degree of pathology. Reserve capacity is thought
to be a protective factor that is independent of the disease process and that
moderates the relationship between pathology and symptoms of dementia
(Stern, 2012), and is a partial explanation for the discontinuities observed
between dementia pathology and cognitive symptoms (Ince, 2001; Matthews
et al., 2009; Roth et al., 1967).
Reserve capacity has been thought to have a passive and an active aspect,
which correspond to the structure and function of the brain. The passive aspect
is refered to as the brain reserve and is based on brain anatomy: a more robust
brain structure with larger numbers of neurons and synapses will have more
functioning brain tissue left after exposure to the same burden of pathology
(Schofield, 1999; Stern, 2012), which is reflected in the inverse associations
that have been found between risk of dementia and brain size (Borenstein et
al., 2005; Mortimer, Snowdon & Markesbery, 2003). The active aspect is
referred to as the cognitive reserve, which makes the prediction that
individuals who exhibit higher efficiency and flexibility in cognitive task
performance are better able to cope with brain pathology either by using preexisting cognitive processes or by recruiting compensatory processes more
efficiently (Steffener & Stern, 2012; Stern, 2002; Stern, 2012). Individuals
with higher cognitive reserve have been found to have a higher functional
processing efficiency (Stern et al., 2003) and to be more able to recruit neural
processing resources in presence of a greater degree of brain atrophy
(Steffener, Reuben, & Rakitin, 2011).
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Despite its usefulness reserve capacity is a hypothetical construct and
cannot be directly measured (see Jones, Manly, Glymour, Rentz, Jefferson &
Stern, 2011). While there have been several approaches to defining the
construct there is no agreement about the exact relation of its active and
passive aspects or whether it is best characterized as a unitary construct or
consisting of more than one component (see Satz, Cole, Hardy & Rassovsky,
2011). Of the two aspects of reserve capacity, the neurobiologically oriented
brain reserve is more relevant for this thesis, as it is more closely related to
factors that may affect brain structure over the lifespan.
Reserve capacity is accumulated with experience in novel, mentally
stimulating and challenging situations over the lifespan in a dose-dependent
manner (Wang, MacDonald, Dekhtyar, & Fratiglioni, 2017). The accumulation
of reserve is thought to be based on neuroplasticity, the capacity of the brain
to adaptively reorganize as a result of experience (Trachtenberg et al., 2002;
Whalley, Deary, Appleton, & Starr, 2004), which is maintained into old age
(Lövdén et al, 2012; Wenger et al., 2012). The protective effect of reserve
capacity may depend on continued persistence in reserve-enchancing
activities, as while higher occupational complexity has been found to be
associated with higher cognitive performance (Potter, Helms, & Plassman,
2008), this association is diminished after retirement (May, 2011).
As reserve capacity is intrinsically connected with brain function, size and
structure, factors that contribute to an individual’s cognitive ability over the
lifespan have been thought to also be able to contribute to cognitive reserve
(Richards & Deary, 2005). Crystallized verbal ability has been thought to be a
particularly suitable approximation of reserve capacity, as it represents
knowledge accumulated over the lifespan and is resistant to aging-related
change (Richards & Sacker, 2003). In population studies reserve capacity has
often been measured by engagement in activities linked with higher levels of
complex mental activity, such as higher education (Valenzuela & Sachdev,
2006), higher occupational status and occupational complexity (Valenzuela &
Sachdev, 2006), and mentally stimulating leisure activities (Anstey &
Christensen, 2000; Arbuckle, Pushkar, & Chaikelson, 1998). A higher level of
physical activity (Dik et al., 2003) and social engagement (Bassuk, Glass, &
Berkman, 1999) also contribute to reserve capacity (Richards & Deary, 2005).
While social engagement likely influences the central nervous system because
it increases involvement in challenging and mentally stimulating activities
(Bassuk et al., 1999), physical activity may contribute to brain reserve by
enhancing the production and maintenance of neurons (Gage, 2002; Pereira
et al., 2007).

1.4.2

LIFESPAN RISK FACTORS FOR COGNITIVE AGING

An individual’s brain develops and changes throughout the entire lifespan, and
developmental and other changes are influenced by different factors at
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different times (Muller et al., 2014). Brain development is influenced by
heritable factors and the intrauterine growth environment during the prenatal
period, by socioeconomic conditions and developmental environment during
childhood and adolescence, and after reaching adulthood, aging-related
changes in the brain are affected by factors related to health and lifestyle
(Muller et al., 2014). Due to the longitudinal stability of individual differences
in cognitive ability (Deary et al., 2000) and as there is evidence that an
individual’s level of cognitive ability and rate of aging-related change are
correlated (Deary et al., 1999; Finkel et al., 2009), factors that have been
associated with the level of cognitive ability or rate of aging-related change are
considered risk factors for non-pathological cognitive change in this thesis,
reflecting the potential of factors that affect brain structure over the lifespan
to exert long-lasting effects on an individual’s cognitive ability.
Risk factors for dementia have been thought to modify dementia risk either
by influencing the progress of pathology, or to modify the expression of the
symptoms of dementia by modifying the amount and preservation of reserve
capacity (Borenstein et al., 2005; Mortimer, Borenstein, Gosche, & Snowdon,
2005). Dementia develops over a long time period, and risk factors that can
modify the risk of later diagnosis of dementia are likewise present during the
entire life course (Brayne, 2007; Launer, 2005; Whalley, Dick, & McNeill,
2006).
However, the assessment of an individual risk factor’s contribution to the
risk of dementia or aging-related cognitive change is complicated. The risk of
aging-related cognitive change (Plassman, Williams, Burke, Holsinger, &
Benjamin, 2010) and dementia (Mangialasche, Kivipelto, Solomon &
Fratiglioni, 2012) is affected by multiple factors acting in combination with
each other, and their effects may vary at different points in the lifespan.
Furthermore, cognitive ability earlier in life is also predictive of many healthrelated factors that are associated with later aging-related cognitive change
and dementia risk (e.g. Singh-Manoux, Ferrie, Lynch & Marmot, 2005). While
many studies have investigated the effects of individual risk factors, some
recent studies have employed a multifactorial approach based on
simultaneous investigation of multiple risk factors for dementia (Kivipelto,
Ngandu, Laatikainen, Windblad, Soininen & Tuomilehti, 2006; Qiu, Xu,
Winblad & Fratiglioni, 2010) and cognitive functioning (Ngandu et al, 2015).
Prenatal conditions that are associated with disadvantages in brain and
cognitive development include preterm birth (Allin et al., 2011; Northam,
Chong, Wyatt, & Baldeweg, 2011; Stewart et al., 1999) and small birth size,
which acts a marker of a suboptimal fetal growth environment (Muller et al.,
2014). The early life is a critical period for brain development and maturation,
and poorer perinatal conditions, nutrition and low birth weight (Borenstein et
al., 2005) as well as slower early brain development and physical growth
(Prince et al., 2014) have been found to be associated with a higher risk of
dementia. Being breasfed in infancy is also associated with a higher cognitive
ability in later life (Horta & Victora, 2013). Adverse family socioeconomic
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conditions that may indicate a poorer developmental environment in the early
life are also associated with a higher risk of dementia (Borenstein,
Copenhaver, & Mortimer, 2006).
Individual socioeconomic conditions such as schooling in childhood and
adolescence (Ceci & Williams, 1997) and higher occupational complexity in
early adulthood (Potter et al., 2008) are positively associated with cognitive
ability in later life. Higher attained level of education and higher occupational
status is associated with a lower risk of dementia (Prince et al., 2014;
Valenzuela & Sachdev, 2006), and higher attained level of education is
associated with a lower risk of non-pathological cognitive change (Anstey &
Christensen, 2000).
After reaching adulthood, health and lifestyle factors form a key group of
risk factors for non-pathological cognitive change and dementia. Chronic
diseases such as cardiovascular disease, stroke and high blood pressure are
associated with increased risk of non-pathological cognitive change (Anstey &
Christensen, 2000) and vascular conditions such as cardiovascular and
cerebrovascular disease are also associated with increased risk of dementia
(Borenstein et al., 2006; DeCarli, 2004; Finch, 2005; Launer, 2002;
Luchsinger & Gustafson, 2009). Depression has been found to be associated
with a higher risk of non-pathological cognitive change (Plassman et al, 2010)
and dementia (Prince et al., 2014), and being married, compared to divorced
or unmarried, has been found to be associated with a lower risk of dementia
(Håkansson et al., 2009; Helmer et al., 1999).
We included the above mentioned risk factors for non-pathological
cognitive change or dementia as covariates in studies in this thesis. Additional
factors that may modify the risk of non-pathological cognitive change include
maternal prenatal stress (Talge, Neal, & Glover & 2007) early-life stress
exposure (Pechtel & Pizzagalli, 2011), factors associated with an active and
engaged lifestyle, incuding cognitive stimulation, physical activity and other
leisure activities (Anstey & Christensen, 2000; Arbuckle et al., 1998; Plassman
et al., 2010), chronic diseases such as diabetes and metabolic syndrome
(Plassman et al., 2010), neoplasms, osteoporosis, hip fractures, arthritis,
overall poor health (Schaie, 2013), smoking (Plassman et al., 2010), diet
(Plassman et al., 2010) and head injuries (Hughes & Ganguli, 2009). Risk
factors for dementia that we were not able to account for include diabetes,
hypertension, obesity, dyslipidaemia, smoking, alcohol use, diet, cognitive
stimulation, physical activity, psychological distress and sleep disturbances
(Prince et al., 2014), social engagement (Saczynski et al., 2006) and hearing
loss (Livingston et al., 2017).

1.4.3

BREASTFEEDING AND COGNITIVE ABILITY

Being breastfed, and being breastfed for a longer duration of time have has
been associated with many developmental benefits, including higher cognitive
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ability in childhood and adolescence (Horta & Victora, 2013), and a higher
proportion of breast milk in an infant’s diet has been found to be positively
associated with brain volume and white matter development (Isaacs et al.,
2010). Breastfeeding may benefit neurodevelopment by mechanisms related
to the nutritional content of breastmilk, namely long-chained polyunsaturated
fatty acids that promote brain development, and to maternal sensitivity and
mother-infant bonding (Horta & Victora, 2013). Indeed, a cluster-randomised
Probit trial showed that a breastfeeding intervention was associated with
cognitive advantage in childhood (Kramer et al, 2008), and a recent metaanalysis of 13 studies published up till 2011 suggested that being ever breastfed
in infancy was associated with an advantage of 3.5 intelligence quotient points
in childhood and adolescence (Horta & Victora, 2013).
Not all studies have, however, confirmed these associations (Wigg et al,
1998), or have suggested that the associations are entirely accounted for by
parental or socioeconomic factors (Gibbs & Forste, 2014; Walfisch, Sermer,
Cressman, & Koren, 2013). Yet, observational studies suggest that the
cognitive benefits of breastfeeding may persist into adulthood. In these
studies, where alternatives to and practices of breastfeeding have varied over
time and place, longer duration of breastfeeding was associated with higher
cognitive ability in a Danish sample born between 1979-1981 and tested
between 18.7 and 27.2 years (Mortensen, Michaelsen, Sanders, & Reisnich,
2002), in a Brazilian sample born in 1982 and tested at 30-years of age
(Victora et al., 2015) and in a British sample born in 1946 and tested at 53years of age (Richards, Hardy, & Wadsworth, 2002). One study in British
adults born between 1920-1930 and tested at 70 years of age and above
reported that being ever breastfed in infancy was not associated with cognitive
ability in old age (Gale & Martyn, 1996). Even though the discrepancy between
the latter and the former studies may reflect the above-mentioned time and
place –related differences in breastfeeding alternatives and practices, the
latter study did not account for the duration of breastfeeding. Hence, it is not
known if longer duration of breastfeeding is associated with benefits persisting
to old age. It also remains unknown whether any benefits of breastfeeding
predict aging-related change in cognitive ability. We addressed these
questions in Study I.

1.4.4

PREMORBID COGNITIVE ABILITY AND THE RISK OF DEMENTIA

While cognitive ability has been considered to be a marker of reserve capacity,
changes in cognitive ability may also serve as an early indicator of prodromal
dementia. Cognitive impairments are a central feature of the manifestation of
dementia diseases, and decreases in cognitive ability have been found to
precede the onset of dementia by up to ten years (Elias et al., 2000; Schmand,
Smit, Geerlings & Lindeboom, 1997). Accordingly, associations between
cognitive ability measured in adulthood closer to old age and risk of
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subsequent diagnosis of dementia may reflect either a reverse causality effect
due to the decrease in cognitive ability with the progressing disease or the
protective effect of reserve capacity against risk of dementia.
It has also been found in population studies that lower cognitive ability
already in childhood (McGurn, Deary & Starr, 2008; Russ, Hannah, Batty,
Booth, Deary & Starr. 2017; Whalley et al., 2000) and young adulthood
(Nordström, 2013; Nyberg, Åberg, Schiöler, Nilsson, Wallin, Torén & Kuhn,
2014; Osler, Christensen, Garde, Mortensen & Christensen, 2017), decades
before the disease manifests, may predict increased risk of dementia. Lower
intelligence at the age of 11 years (McGurn et al, 2008; Russ et al, 2017;
Whalley et al., 2000) in Scottish schoolchildren predicted a higher risk of lateonset dementia, but not early-onset dementia. Lower intelligence at the age of
18 years in Swedish male conscripts predicted higher risk of early-onset
dementia (Nordström, Nordström, Eriksson, Wahlund & Gustafson, 2013;
Nyberg et al, 2014), and lower linguistic ability derived from autobiographies
written by US nuns at mean age 22 years predicted higher risk of dementia
between ages 75-95 years and neuropathologically confirmed Alzheimer’s
disease (Riley, Snowdon, Desrosiers, & Markesbery, 2005; Snowdon et al,
1996).
However, it remains unclear if the discrepant findings regarding dementia
onset reflect the age of cognitive ability measurement: even though cognitive
ability is shown to display high rank-order stability across decades (Deary et
al., 2000), cognitive ability measured at the age of 11 years (Mcgurn & Starr,
2008; Russ et al, 2017; Whalley et al., 2000) has not yet reached its peak,
whereas at the age of 18 years (Nordström, 2013; Nyberg, 2014) fluid cognitive
abilities are closer to it. On the other hand, in the studies where cognitive
ability was measured at the age of 18 years (Nordström, 2013; Nyberg, 2014),
late-onset dementia could not be studied as the cohort was not mature enough.
Further, the study that showed an association between linguistic ability and
risk of dementia did not differentiate the diagnoses by time of onset. We
addressed this question in Study II.

1.4.5

HERITABLE RISK FACTORS

Cognitive ability is to a substantial degree influenced by heritable factors
across the lifespan, and the heritable proportion of individual variance
increases with age (Finkel, Pedersen, McGue, & McClearn, 1995; Haworth et
al., 2010; Johnson et al., 2007; McGue & Christensen, 2002). The risk of
Alzheimer’s disease likewise has a large heritable component (Gatz et al.,
2006), and it has been suggested that the pathologies associated with
Alzheimer’s disease are mainly caused by factors under genetic control
(Ashford & Mortimer, 2002).
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The heritable influences on an individual’s level of cognitive ability are
attributable to a large number of genes with small individual effects (Davies et
al., 2011; de Geus, Goldberg, Boomsma, & Posthuma, 2008), and are mostly
shared between different domains of cognition (Petrill et al., 1998; Plomin,
Spinath, & Spinath, 2002; Rijsdijk, Vernon, & Boomsma, 2002). According to
the generalist genes hypothesis the genes involved in cognitive ability are
associated with multiple brain processes, every brain process is affected by
many genes, and the same genes are associated with most cognitive abilities
and disorders (Kovas & Plomin, 2006); however, genome-wide studies suggest
that some cognitive pathologies may be more closely linked with the same
genes as non-pathological cognition than others (Harris et al., 2014; McIntosh
et al., 2013). Like cognitive ability, brain volume is highly heritable (Bartley,
Jones, Weinberger, Luther, & Ave, 1997; Kaprio, Koskenvuo, & Rose, 1990;
Tramo et al., 1998), and individual differences in whole brain, gray matter and
white matter volume have been found to be almost entirely accounted for by
genetic influences (Baaré, Pol, & Kahn, 2001). Indeed, the observed
relationships between measures of brain structure and cognition have been
found to be substantially mediated by heritable influences (Chiang et al.,
2009; Posthuma et al., 2002); see also (Toga & Thompson, 2005).
It has been reported by several studies that the rate of aging-related
cognitive change is mostly explained by factors related to non-shared
environment and only to a very small degree by genetic influences (Lyons et
al., 2009; McGue & Christensen, 2002; Reynolds et al., 2002; Wilson et al.,
2002). However, it may be impossible to make entirely clean distinctions
between environmental and heritable influences, as in the case of cognitive
aging the rate of change is correlated with the level of cognitive ability (Finkel
et al., 2009) which is itself highly heritable, and also due to the propensity of
individuals to choose environments that are compatible with their genetic
predispositions (Scarr & McCartney, 1983).
In addition to studies focusing on estimating the heritable portion of
variance in cognitive ability or risk of dementia, the associations of individual
genetic variants with the risk of aging-related cognitive change and dementia
have been investigated in candidate gene studies and genome-wides
association studies. While many candidate genes for cognitive ability (Davies
et al., 2011) and and the risk of Alzheimer’s disease (Lambert et al, 2013) have
been reported, most of the single-gene or single-variant associations have not
been consistently found between different studies (Ballard et al., 2011;
Bertram, McQueen, Mullin, Blacker, & Tanzi, 2007; Deary, Houlihan, &
Johnson, 2009; Harris & Deary, 2011). Furthermore, the increases in the risk
of dementia associated with most of the risk variants are small, usually with
hazard ratios less than 1.5 (Bertram & Tanzi, 2008).
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1.4.5.1 APOE genetic variants and the risk of dementia
The APOE gene locus forms the one notable exception to the commonly
observed small hazard ratios (Ballard et al., 2011) and inconsistently
replicating results (Ballard et al., 2011; Harris & Deary, 2011) among genetic
variants associated with cognitive aging phenotypes. The APOE gene codes for
variants of apolipoprotein E, which has diverse functions in the brain,
including lipid transport and neurobiological repair (Liu, Kanekiyo, Xu, & Bu,
2013; Mahley & Huang, 1999), and also contributes to the accumulation of
amyloid-β deposits in the brain (Kok et al., 2009; Polvikoski et al., 1995;
Schmedel et al., 1993).
The APOE gene has three common major isoforms, ε2, ε3, and ε4. Of them,
the ε4 major isoform is a well-documented risk factor for Alzheimer’s disease
(Corder et al., 1993), dementia with Lewy bodies (Bras et al., 2014) and
vascular dementia (Sun et al., 2015). The hazard ratio for Alzheimer’s disease
associated with being a carrier of one copy of the ε4 major isoform compared
with non-carriers has been found to be between 3 and 4 (Bertram & Tanzi,
2008; Corder et al., 1993) and as high as 8 for carriers of two copies of ε4
(Corder et al., 1993). Furthermore, the APOE gene locus has been found at the
genome-wide level to be the strongest contributor to the genetic risk of
Alzheimer’s disease (Harold et al., 2009). In addition to acting as an
independent risk factor, APOE ε4 can confer additional risk of dementia by
interacting with chronic diseases such as atherosclerosis, peripheral vascular
disease and type 2 diabetes (Haan, Shemanski, Jagust, Manolio, & Kuller,
1999; Peila, Rodriguez, & Launer, 2002) and with cerebrovascular disease to
aggravate the cognitive symptoms of Alzheimer’s disease (Kalmijn, Feskens,
Launer, & Kromhout, 1996).
In addition to the ε4 major isoform, other variants in the APOE gene have
also been associated with the risk of dementia. Among these variants is the
functional APOE promoter polymorphism rs405509 (also known as -219 or
Th1/E47cs), which affects the transcriptional activity of the gene (Artiga et al.,
1998) and has been found to be associated with the risk of Alzheimer’s disease
(Lambert et al, 1998). However, research findings on this polymorphism have
not been unanimous. Some studies have found a higher risk of Alzheimer’s
disease associated with the major allele (Beyer, Lao, Latorre, & Ariza, 2005;
Myllykangas et al., 2002) and others with the minor allele (Lambert et al.,
1998; Nicodemus et al., 2004). Furthermore, some studies have reported risks
differing with ethnicity (Lambert et al., 2002) or age of dementia onset (Beyer
et al., 2005). It has also been unclear whether the promoter polymorphism’s
effects are truly independent of or due to linkage disequilibrium with APOE
major isoforms (Jun et al., 2012; Roses, Lutz, & Welsh-bohmer, 2010).
Rs440446 (also known as +113 or IE1), a functional polymorphism in the
APOE gene intron-1 that has likewise been associated with transcriptional
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activity of the gene (Viiri et al., 2008), has also been associated with risk of
Alzheimer’s disease (Bullido et al., 2000; Lambert et al., 1998).
A series of studies in Finland have examined the effect of this polymorphism
in ε3/3 homozygotes, which enables unambiguous haplotyping in the context
of the ε3 major isoform. In these studies the minor allele of the rs405509
polymorphism has been associated with decreased risk of Alzheimer’s disease,
(Myllykangas et al., 2002) with less brain amyloid plaque formation,
(Myllykangas et al., 2002) with lower risk of dementia in an elderly population
with cardiovascular diseases, (Strandberg, Pitkala, Eerola, Tilvis, & Tienari,
2005) and with less aortic atherosclerosis among smokers (Viiri et al., 2008).
These results, obtained in three independent studies, demonstrate that other
variation than the ε4 major isoform at the APOE locus influence neurological
and vascular traits.

1.4.5.2 APOE genetic variants and non-pathological cognitive aging
In addition to being associated with the risk of dementia, the ε4 major isoform
of the APOE gene has also been found to be associated with cognitive
functioning without dementia (Wisdom, Callahan, & Hawkins, 2011), and it
has been suggested that the APOE genetic effects on normal cognitive aging
may be mediated by mechanisms that are at least partly independent of its
effect on Alzheimer’s disease (Caselli et al., 2012; Deary et al., 2002). A recent
study in a cohort of healthy elderly men found no association between
rs405509 promoter polymorphism and performance in the Mini Mental State
Examination (MMSE) (Folstein, Folstein, & McHugh, 1975), but found that
APOE ε4 major isoform and rs429358, a polymorphism of which the APOE
major isoform is partially derived from, were associated with better
performance in MMSE in the eldest quintile of the cohort (Prada et al., 2014).
However, it is not known if the rs405509 promoter and rs440446 intron-1
polymorphisms are associated with cognitive ability or aging-related change
in cognitive ability. Furthermore, there have thus far been no studies to report
associations of APOE major isoforms and rs405509 and rs440446 with the
risk of dementia and cognitive ability or non-pathological cognitive aging
derived from a single study population. Studies III and IV were designed to
address these questions, Study III focusing on the risk of dementia and Study
IV focusing on cognitive ability and aging-related change in cognitive ability.
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2 OBJECTIVES
This thesis comprises four individual studies designed to address the gaps in
prior research highlighted in the previous section by investigating the
following study questions:
Study I: Is breastfeeding associated with cognitive ability in old age and agingrelated change in cognitive ability?
Study II: Is cognitive ability in early adulthood and in old age, and agingrelated change in cognitive ability associated with the risk of early- or lateonset dementia?
Study III: Are the APOE ɛ4 major isoform and rs405509 and rs440446
promoter and intron-1 polymorphisms associated with risk of dementia?
Study IV: Are APOE major isoforms and rs405509 and rs440446 promoter
and intron-1 polymorphisms associated with cognitive ability in old age and
aging-related change in cognitive ability?
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3 METHODS
3.1

PARTICIPANTS

The participants come from the Helsinki Birth Cohort Study, which comprises
13345 men and women born in Helsinki, Finland in 1934-1944. Of them, 8760
men and women (4630 men and 4130 women) were born in the Helsinki
University Central Hospital and attended child welfare clinics and lived in
Finland in 1971, when a personal identification number was allocated to all
Finnish residents. The cohort has been described in detail elsewhere (Barker,
Osmond, Forsén, Kajantie, & Eriksson, 2005; Eriksson, Osmond, Kajantie, &
Forsén, 2006).
The numbers of participants included in the analytic samples of Studies IIV varied according to data availability, and are described in Figure 1 as well
as in the Measures section below. The participation rates can be calculated
based on these numbers, and analyses on the representativeness of each
analytic sample in relation to the cohort or its relevant subpopulations are
described in the individual articles.
Data were linked at the institutional level from health and other
administrative databases, primary care databases, disease and population
registries. The register authority performed deterministic linkage based on the
unique personal identification number. We received the data in anonymized
form and had full access to the register for the entire study population. Data
were cleaned, including screening for missing data and outliers, on a
publication basis using range checks, assessment of frequency distributions,
cross-tabulations and graphical explorations.
The HBCS has been approved by the Ethics Committee of the National
Public Health Institute and the Coordinating Ethics Committee of the Hospital
District of Helsinki and Uusimaa. The Finnish Defence Command has given
permission for data linkage (Permit number AL18521). The registered
participants were not contacted, and informed consents were not required,
according to Finnish regulations. All participants in the cognitive ability retest
have signed informed consent.
3.2

MEASURES

3.2.1.1 Breastfeeding
Data on being ever breastfed (no vs. yes) and breastfeeding duration (up to 3,
3 to 6, or 6 or more months) were extracted from birth and child welfare clinic
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records (Kajantie, Barker, Osmond, & Forsén, 2008). These data were
available for the entire cohort.

3.2.1.2 Cognitive ability
The Finnish Defence Forces Basic Intellectual Ability Test was designed to
measure general cognitive ability and logical thinking, and consists of timelimited verbal, arithmetic, and visuospatial subtests as well as a total score
(Table 1; Tiihonen et al, 2005). Each series consists of 40 multiple choice items
with progressive difficulty. The test battery, with some modifications, has been
in use since 1955, and its psychometric properties have been described in
detail elsewhere (Räikkönen et al., 2009; Tiihonen et al., 2005).
Data on cognitive ability in young adulthood at mean age 20.1 years (SD =
1.4, range = 17.0 - 28.1), were available for 2785 (60.2% of the original cohort)
men who performed their compulsory military service in the Finnish Defence
Forces between 1952–1972, and underwent compulsory cognitive ability
testing, usually within the first two service weeks. These men formed the
analytic sample of Study II.
In 2009, 1750 of these men (62.8%) were invited and of them 931
participated in an invitation-based retest in 2009 using the same test battery
as previously described (Raikkonen et al., 2013) at mean age 67.9 years (SD =
2.5, range = 64.5 – 75.7). These men formed the analytic sample of Study I. Of
the men who were not invited in the cognitive ability retest, 647 had died, 206
had in a previous follow-up declined participation in any further follow-up,
and 183 lived abroad.
For all analyses, the cognitive ability test scores were square transformed to
attain normality, and standardized to intelligence quotient-type scores
following a normal distribution with mean 100 and standard deviation 15. All
reported cognitive ability scores refer to these scores.

3.2.1.3 Clinical study and genotyping
In 2001-2004, all 7078 of the men and women belonging to the original cohort
and born in the Helsinki University Central Hospital who were still alive and
lived in Finland in the year 2000 were sent a questionnaire, and a total of 4515
individuals responded. In order to achieve a sample size of over 2000, random
number tables were used to select 2902 men and women to be invited to a
clinical study. Of them, 2003 men and women (928 men and 1075 women at
mean age 61.5 years; SD = 2.8. range 56.7 - 69.8) participated in a clinical
study (Ylihärsilä, Kajantie, Osmond, Forsén, Barker & Eriksson, 2007), which
included drawing blood for genotyping.
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DNA was extracted from peripheral blood leukocytes using standard
methods. APOE ε2/ε3/ε4 genotyping was performed by PCR amplification,
HhaI restriction enzyme digestion and agarose gel electrophoresis.
Genotyping success rate was 99.8%. Hardy-Weinberg Equilibrium was
calculated for each of the two biallelic sites (Arg112/Cys112 and
Arg158/Cys158) separately, and both sites were at HWE (F2 = 0.01, 2 df, p >
.90 and F2 = 2.27, 2 df, p > .30, respectively).
Rs405509 was genotyped using modified Illumina 610k array at Sanger
Center, United Kingdom, with success rate of 99.9% in 2009. For rs440446,
imputed data was used with imputation success rate 99.1%. Minor allele
frequencies were 45.0% for rs405509 T and 28.6% for rs440446 C, both
markers were in Hardy-Weinberg equilibrium (p > .28). Linkage disequilibria
between the markers were the following: rs405509 and rs440446 (D’ = 0.98,
R2 = 0.474, LOD 243.92), rs405509 and rs429358 (D’ = 0.984, R2 = 0.092,
LOD 34.75), rs405509 and rs7412 (D’ = 0.827, R2 = 0.018, LOD 6.45),
rs429358 and rs7412 (D’ = 1.0, R2 = 0.016, LOD 7.63).
Data on APOE major isoforms and rs405509 were available for 1453 men
and women, who formed the analytic sample of Study III. Of them, 404 men
also had data available on cognitive ability at military conscription at the mean
age of 20.1 years (SD = 1.5, range = 17.1 - 26.6); these men formed the analytic
sample of Study IV.
Table 1. The Finnish Defence Forces Basic Intellectual Ability Test problem types
Cognitive ability score
Verbal reasoning subtest

Arithmetic reasoning subtest

Visuospatial reasoning subtest

Problem types
x

Choice of synonyms and antonyms for words

x

Matching word categories

x

Choice of the word not belonging to a group from a list

x

Similarity of relationships between word pairs

x

Completion of number series following a rule

x

Solving verbally expressed problems

x

Simple arithmetic operations

x

Similarity of relationships between number pairs

x

Choice of figure to complete matrixes with a pattern
problem with one removed part (analogous to Raven’s
progressive matrices (Raven, 2000))

Total score

x

Arithmetic mean of the three subtests
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Figure 1. Formation of analytic samples and participants in Studies I-IV.
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3.2.1.4 Dementia diagnosis
Dementia is diagnosed by specialized memory clinics after referral by
physicians in private or public health care based on clinical assessment and
cognitive testing. Diagnoses of any organic dementias, given in inpatient (1969
- 2013) and outpatient (1998 - 2013) specialty care as either primary or
subsidiary diagnosis (codes 290.00 - 290.10 from International Classification
of Diseases (ICD)-8, 290, 2912A, 2928C, 2941A, 3310A and 3311A from ICD9, and F00, F01, F03, F051 and G30 from ICD-10) and Alzheimer’s disease
(codes 331.0 and 290.1 from ICD-9, and G30 and F00 from ICD-10) until
December 31, 2013 were derived from the Finnish Hospital Discharge and
Causes of Death Registers. These data were available for all participants in the
HBCS.
In Study II, diagnoses were divided into early-onset and late-onset
dementias based on whether the first diagnosis was given before or after the
age of 65 years, in accordance with prior studies (McGurn et al, 2008; Nyberg
et al, 2014; Whalley et al., 2000).

3.2.2

COVARIATES

Variables that are correlated with the independent and dependent variables in
each study were included as covariates.
Birth weight (g), mother’s age (years) at delivery and parity (primiparous/
multiparous), gestational age, birth weight and gain in weight, birth length and
gain in height, and with birth ponderal index and gain in BMI to 6 and to 24
months of age were extracted from hospital records.
Father’s and mother’s occupational status in childhood (manual worker,
junior clerical, senior clerical) were extracted from hospital, child welfare or
school health care records. Highest own attained level of education in
adulthood (basic/primary or less, upper secondary, lower tertiary, upper
tertiary) and highest attained occupational status (manual worker, junior
clerical, senior clerical) recorded at five-year intervals between 1970-2000 and
marital status were derived from Statistics Finland.
Beck Depression Inventory (BDI) scores for depressive symptoms (Beck,
Ward, Mendelson, Mock, & Erbaugh, 1961) were derived from the clinical
study in 2001-2004.
Diagnoses of stroke (codes 430 – 434 and 436 – 437 from ICD-8 and 9, 438
from ICD-9, and I60 – I69 from ICD-10) (Osmond, Kajantie, Forsén, Eriksson,
& Barker, 2007) coronary heart disease (CHD) (codes 410 – 414 from ICD-8
and ICD-9 and I21 – I25 from ICD-10) (Barker et al., 2005) and mood
disorders (codes 296, 298.00, 3004 and 301.10 from ICD-8, 296, 3004A and
3011D from ICD-9 and F30-F39 from ICD-10) until December 31, 2013 were
derived from the Hospital Discharge and Causes of Death Registers.
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The covariates also included the participant’s age at the cognitive ability
testings and year of birth. We also conducted multidimensional scaling (MDS)
analyses using whole genome data with Plink version 0.64 and derived the first
three components explaining most variance in population substructure to
control for population stratification.
3.3

STATISTICAL METHODS

In each study, we included in the analyses all participants with complete data
for each statistical model. All analyses were conducted using SPSS versions 23
and 24 for Windows.
In Study I we used multiple linear regression analyses to test the
associations of ever being breastfed (no vs yes) and breastfeeding duration
(dummy coded for the analyses with ‘never breastfed’ as referent; the duration
variable was also treated as continuous in tests for linear trend) and cognitive
ability at age 20 and at 68 years. We used mixed model regression analyses to
test associations between breastfeeding and aging-related change in cognitive
ability; in these analyses, the dependent outcome variable was represented by
cognitive ability at 20 years and at 68 years, and the independent fixed effects
were ever being breastfed and breastfeeding duration (tested in separate
models), time between the two cognitive testings and their interaction. We
conducted the analyses unadjusted, and in further models adjusting for
covariates. We also re-ran the analyses at 67.9 years excluding those
participants who had been diagnosed with stroke, coronary heart disease or
any mental disorder (n=166) prior to the cognitive ability retest.
In Study II we used Cox Proportional Hazard models to examine the
associations between cognitive ability in young adulthood and risk of any
dementia and Alzheimer’s disease, and early- and late-onset diagnoses. We
also tested the associations between cognitive ability in late adulthood and
age-related change in cognitive ability between 20 and 68 years and the risk of
any late-onset dementia diagnosis received after the cognitive ability retest.
The participants were followed up either until first diagnosis of any dementia,
death, migration, or until December, 31, 2013. All analyses were adjusted for
age at cognitive ability testing, and in further models for the other covariates.
Hazard ratios for the risk of dementia were calculated for one standard
deviation disadvantage in cognitive ability.
In Study III we used Cox Proportional Hazard models to examine the
associations between APOE major isoforms and minor alleles in rs405509 and
rs440446, and risk of any dementia and Alzheimer’s disease. The participants
were followed up either until their first diagnosis of any dementia, death
migration until December, 31, 2013. The analyses were adjusted first for sex,
year of birth and population stratification, and then for the other covariates.
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In Study IV we used multiple linear regression analyses to test the
associations between APOE major isoform carrier status (ε3/3 as the referent
and contrasted with ε2/3 and with ε4/2, ε4/3 and ε4/4; none were ε2/2
carriers), and the number of minor alleles in rs405509 and in rs440446 with
cognitive ability at age 20 and 68 years. We used mixed model regression
analyses to test associations between APOE major isoforms and minor alleles
in rs405509 and rs440446 and aging-related change in cognitive ability. In
these analyses, the dependent outcome variable was represented by cognitive
ability at 20 years and at 68 years, and the independent fixed effects were
APOE major isoform carrier status, the number of minor alleles in rs405509
and rs440446 (all in separate models), and time between the two cognitive
testings and their interaction. We conducted the analyses first adjusting for
covariates and APOE major isoforms; we also conducted the analyses with the
number of minor alleles in rs405509 and rs440446 adjusting for covariates
and stratified according to APOE major isoforms
In Study IV we controlled for inflation of Type II error rate due to multiple
testing with a false detection rate (FDR) procedure (Benjamini & Hochberg,
1995). We first tested associations with the cognitive ability total score, setting
the false discovery rate across 12 tests at 0.05, and then tested associations
with the verbal, arithmetic, and visuospatial subtest scores but we did not
apply the false detection rate procedure to the subtests as they were highly
correlated with the total score (r’s > 0.83, p-values < 0.001).
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4 RESULTS
4.1

BREASTFEEDING, COGNITIVE ABILITY AND AGING-RELATED
CHANGE IN COGNITIVE ABILITY (STUDY I)

At 20 years, the men who were ever breastfed had higher visuospatial subtest
scores than those who were never breastfed in unadjusted models (p = .01, MD
= 3.29, 95% CI = 0.73, 5.85) and in the models adjusting for the covariates (pvalues < .003, MD’s > 3.74, 95% CI = 1.42, 6.31). Being ever breastfed was also
associated with a higher cognitive ability total score compared to those never
breastfed in the models adjusting for the covariates (p-values < .01, MD’s >
3.00, 95% CI = 0.63, 5.37); however, being ever breastfed was not consistently
associated with the arithmetic and verbal subtest scores in the unadjusted and
adjusted models (p-values < .17, MD’s > 1.80, 95% CI = -0.78, 4.37).
Longer duration of breastfeeding was associated with higher total cognitive
ability and visuospatial subtest scores in the unadjusted and adjusted models
(p-values < .05, MD’s > 0.89, 95% CI = 0.01, 1.76); in the models adjusting for
covariates the arithmetic subtest score was also higher the longer the duration
of breastfeeding (p-values < .009, MD’s > 1.11, 95% = CI 0.28, 1.94). Longer
duration of breastfeeding was not associated with the verbal subtest score in
the unadjusted or adjusted models (all p-values > .06, MD’s < 0.77, 95% CI =
-0.04, 1.58).
At 67.9 years, being ever breastfed was associated with higher cognitive
ability total and verbal subtest scores at 67.9 years compared to those who
were never breastfed in unadjusted models, in all models adjusting for
covariates, and when men with diagnoses of stroke, coronary heart disease or
any mental disorder were excluded (all p-values < .03, MD’s > 2.64 IQ points,
95% CI = 0.07, 5.20). Being ever breastfed was not consistently associated with
arithmetic and visuospatial subtest scores in unadjusted and adjusted models
and when men with diagnoses of stroke or coronary heart disease or any
mental disorder were excluded, despite showing a weak trend to be higher in
breastfed men (p-values < .07, MD’s > 2.37, 95% CI = -0.20, 4.94).
Longer duration of breastfeeding was associated with higher cognitive
ability total score and verbal, arithmetic and visuospatial subtest scores in all
statistical models (Table 2). Figure 2 depicts the cognitive ability total and
subtest scores according to duration of breastfeeding and Cohen’s d effect sizes
(calculated as the difference between means divided by the pooled standard
deviation) for the difference between those never breastfed and those
breastfed for up to 3, 3 to 6, and 6 or more months.

39

40

41

Being ever breastfed, compared to never breastfed, was not associated with
aging-related change in cognitive ability total or subtest scores in any of the
statistical models (data not shown). Duration of breastfeeding was not
associated with aging-related change in cognitive ability total, arithmetic or
visuospatial subtest scores, however verbal subtest scores decreased over five
decades in those never breastfed and in those breastfed for 0 to 3 months,
while the scores increased in those breasted for 3 to 6 months or 6 months or
more in unadjusted models, in models adjusting for covariates and when men
with diagnoses of stroke or coronary heart disease or any mental disorder were
excluded (Figure 3).

Figure 2. Cognitive ability total (A), and verbal (B), arithmetic (C) and
visuospatial (D) subtest scores at 67.9 years according to duration of
breastfeeding and Cohen’s d effect sizes for each duration of breastfeeding
compared with those never breastfed. The p-values are from Model 1.
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Figure 3. Change in cognitive ability verbal subtest score between 20.2 and
67.9 years in those never breastfed and those breastfed for up to 3, 3 to 6 and
6 or more months and Cohen’s d effect size for each duration of breastfeeding
compared with those never breastfed. The p-values are from Model 1.
4.2

COGNITIVE ABILITY AND THE RISK OF DEMENTIA (STUDY II)

Cognitive ability total and verbal and arithmetic subtest scores at 20.1 years
were not significantly associated with the risk of any-onset any dementia
diagnosis. Lower scores in the visuospatial subtest were associated with a
higher risk of any-onset any dementia in models adjusting for age at cognitive
ability testing and diagnoses of stroke or coronary heart disease, but this
association did not survive the adjustments for the other covariates (Table 3).
Lower cognitive ability total and verbal, arithmetic and visuospatial subtest
scores were associated with a higher risk of any early-onset dementia in
models adjusting for age at cognitive ability testing (Table 3; Figure 4). These
associations remained significant or showed a non-significant trend in the
models adjusting for the covariates, however the associations did not survive
the adjustment for the participants’ highest lifetime attained education (Table
3). Cognitive ability scores were not significantly associated with the risk of
late-onset any dementia or with the risk of any-onset, early-onset or late-onset
Alzheimer’s disease (all p-values < .06, HR’s > 2.55, 95% CI = 0.95, 6.87).
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Figure 4. Cumulative risk of early-onset dementia in men with cognitive
ability at 20.1 years below (percentile group 1) and above (percentile group 2)
the median. Numbers at risk refers to participants yet to receive a dementia
diagnosis.
Lower cognitive ability total and arithmetic subtest scores at 67.9 years was
associated with a higher risk of any late-onset dementia in all models adjusting
for covariates (p-values < .02, HR’s > 0.96, 95% CI = 0.92, 0.99), however the
verbal and visuospatial subtest scores at 67.9 years were not significantly
associated with risk of late-onset dementia (all p-values > .07, HR’s < .096,
95% CI = 0.92, 1.00). The risk of late-onset dementia was also higher in men
who showed more aging-related change over five decades in the cognitive
ability total score or the arithmetic or visuospatial subtest scores in all adjusted
models (p-values < .03, HR’s > 0.95, 95% CI = 0.90, 1.00).
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4.3

APOE AND THE RISK OF DEMENTIA (STUDY III)

APOE ε4 was associated with a higher risk of any dementia in all statistical
models (HR’s > 3.68; 95% CI = 1.76, 7.70) (Table 4; Figure 5), however the
number of minor alleles in rs405509 or rs440446 were not significantly
associated with the risk of any dementia in any of the models (all HR’s < 1.43;
95% CI = 0.87, 2.36). The number of minor alleles in rs405509 or rs440446
were not associated with the risk of dementia in APOE ε3/3 homozygotes (all
HR’s < 0.81; 95% CI 0.33, 1.99) or APOE ε4 carriers (all HR’s < 1.09; 95% CI
0.39, 3.06) (for any dementia, n=11 in APOE ε3/3 homozygotes and n=20 in
APOE ε4 carriers).
When we entered APOE ε4 in the analyses simultaneously with rs405509
and rs440446 in respective models, APOE ε4 remained significantly
associated with a higher risk of dementia (Table 4). In analyses with the risk
of Alzheimer’s disease, the results were similar (not shown).

Figure 5. The cumulative risk of any dementia in APOE ɛ4 carriers and noncarriers.
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Table 4. Risk of any dementia according to APOE ε4 and rs405509 and rs440446 polymorphisms
Model 1a
Model 2b
Model 3c
Model 4d
HR (95% CI)
p
HR (95% CI)
p
HR (95% CI)
p
APOE ε4 and number of rs405509 minor T alleles and rs440446 minor C alleles in separate models
APOE ε4

3.70 (1.75, 7.64)

rs405509 T

1.40 (0.86, 2.29)

.001

3.86 (1.84, 8.10)

.18

1.41 (0.86, 2.31)

0.76 (0.41, 1.42)

0.75 (0.40, 1.40)

0.95 (0.54, 1.68)

0.93 (0.53, 1.63)

<.001

3.68 (1.76, 7.70)

.17

1.41 (0.86, 2.32)

rs440446 C
.39
.36
APOE ε4 and number of rs405509 minor T alleles in the same model
3.77 (1.67, 8.52)
4.06 (1.77, 9.30)
.001
APOE ε4
.001
rs405509 T

.86

.79

APOE ε4 and number of rs440446 minor C alleles in the same model
3.14 (1.41, 6.96)
3.29 (1.48, 7.31)
APOE ε4
.005
.003
rs440446 C

1.00 (0.51, 1.94)

.99

0.96 (0.49, 1.88)

.91

HR (95% CI)

p

.001

3.83 (1.82, 8.04)

<.001
.16

.18

1.43 (0.87, 2.36)

0.76 (0.41, 1.43)

.40

0.76 (0.40, 1.43)

.39

3.83 (1.69, 8.71)

.001

3.96 (1.74, 9.05)

.001

0.94 (0.53,
1.67)

.83

0.95 (0.54, 1.67)

.85

3.14 (1.41, 6.97)

.005

3.30 (1.48, 7.36)

.004

1.00 (0.51, 1.96)

1.00

0.99 (0.50, 1.96)

.98

Abbreviations: HR = hazard ration; CI = confidence interval,
a Model 1 adjusted for sex, year of birth and population stratification.
b Model 2 adjusted for sex, year of birth, maximum attained lifetime occupational status and population stratification.
c Model 3 adjusted for sex, year of birth, maximum attained lifetime educational status and population stratification.
d Model 4 adjusted for sex, year of birth, maximum attained lifetime occupational status, population stratification, diagnoses of
stroke, coronary heart disease or any mood disorder, and BDI score.

4.4

APOE, COGNITIVE ABILITY AND AGING-RELATED CHANGE IN
COGNITIVE ABILITY (STUDY IV)

At 20.1 or 67.6 years, APOE ε2/3 and ε4/2, ε4/3 and ε4/4 carriers did not
differ from ε3/3 carriers in the cognitive ability total score or in any of the
subtest scores (p-values > .19, unstandardized regression coefficients [B’s] > 2.53, 95% CI = -6.27, 1.22). The number of minor alleles in rs405509 or
rs440446 were not significantly associated with the cognitive ability total or
subtest scores at age 20.1 years (p-values > .23, B < 1.62, 95% CI = -0.51, 3.74).
However, the number of minor alleles in rs405509 were associated with a
higher total cognitive ability score at age 67.6 years in models adjusting for
APOE major isoforms, age at cognitive testing, maximum lifetime
occupational status and population stratification (p = .003, B = 4.01, 95% CI
= 1.35, 6.67) (Figure 5, Panel A). While rs440446 was associated with the total
cognitive ability score (p = .03, B = 3.25, 95% CI = 0.19, 6.32) (Figure 5, Panel
B), this association did not survive the correction for multiple testing. The
number of minor alleles in rs405509 was also significantly associated with
verbal, arithmetic, and visuospatial subtest scores at 67.6 years (p-values <
.04, B = 3.06, 95% CI = 0.33, 5.80), and the number of minor alleles in
rs440446 was associated with higher visuospatial subtest score at 67.6 years
(p = .009, B = 3.96, 95% CI = 0.91, 7.01) in models adjusting for APOE major
isoforms, age at cognitive testing, maximum lifetime occupational status and
population stratification.
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These associations remained significant after additionally adjusting for
coronary heart disease diagnoses, mood disorder diagnoses and BDI score in
separate models (all p-values < .05). When maximum attained lifetime
occupational status was replaced with the maximum lifetime achieved level of
education, the association between the number of minor alleles in rs405509
and rs440446 and the cognitive ability total (p = .03 and .05, respectively) and
visuospatial subtest scores (p = .03 and .01, respectively) remained significant,
however the associations between the number of minor alleles in rs405509
and verbal (p = .10) and arithmetic (p = .10) subtest scores did not survive the
adjustment.
In analyses stratifying for APOE major isoforms and adjusting for the
covariates and confounders, the number of minor alleles in rs405509 was
associated with a higher visuospatial subtest score at age 67.6 years in the
APOE ε3/3 homozygotes (Table 5). This association remained significant
when additionally adjusting for coronary heart disease diagnoses, mood
disorder diagnoses and BDI score, and when replacing maximum occupation
by maximum education in separate models (p-values < .04). Rs405509 was
not significantly associated with cognitive ability in APOE ε2/3 and ε4/2, ε4/3
and ε4/4 major isoform carriers, and rs440446 was not significantly
associated with the total cognitive ability score or subtest scores in any of the
APOE isoform groups (Table 5).
The change in cognitive ability total or subtest scores between 20.1 and 67.6
years did not differ between APOE ε2/3 and ε4/2, ε4/3 and ε4/4 carriers and
ε3/3 carriers in the (p-values > .10). The number of minor alleles in rs405509
and rs446446 were not significantly associated with the change in cognitive
ability total, verbal or arithmetic subtest scores between 20.1 years and 67.6
years in models adjusting for APOE major isoforms and covariates and
confounders (p-values > .15) (Figure 6, Panels A and B). However, the
visuospatial subtest score increased between age 20.1 and age 67.6 years in
carriers of two minor alleles and decreased in carriers of two major alleles in
rs440446 in models adjusting for APOE major isoforms and covariates and
confounders (p = .007) (Figure 6, Panel B). The visuospatial subtest score also
increased from age 20.1 to age 67.6 years in carriers of two minor alleles
whereas it decreased in carriers of two major alleles in rs405509 and rs440446
in the APOE ε3/3 homozygotes (p = .01 and p = .01, respectively) (Figure 7,
Panels C and D). These associations remained significant after additionally
adjusting for coronary heart disease, mood disorder diagnoses and BDI score
and when maximum occupation was replaced by maximum education in
separate models (p-values < .01).
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Figure 6. Estimated marginal means for cognitive ability total and subtest
scores at 67.6 years according to the number of minor alleles in rs405509 (A)
and rs440446 (B) polymorphisms. The p-values are adjusted for APOE major
isoforms, age at cognitive testing, maximum attained lifetime occupational
status, and population stratification.
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Figure 7. Change in cognitive ability between 20.1 and 67.6 years according to the number of minor alleles in rs405509 and
rs440446. The p-values are adjusted for APOE major isoforms, age at cognitive testing, maximum attained lifetime
occupational status, and population stratification (A and C) and in APOE ε3/3 homozygotes for age at cognitive testing,
maximum attained lifetime occupational status, and population stratification (B and D). The vertical axis shows arithmetic
differences between cognitive ability scores at 20.1 and 67.6 years.

5 DISCUSSION
5.1

5.1.1

COMPARISON OF CURRENT AND PREVIOUS FINDINGS

BREASTFEEDING, COGNITIVE ABILITY AND AGING-RELATED
CHANGE IN COGNITIVE ABILITY

In Study I we found that men who were breastfed had better cognitive ability
in young adulthood than those who were never breastfed. This advantage was
also present in old age, and was stronger in men who were breastfed for a
longer duration. Furthermore, verbal reasoning scores declined over almost
five decades in men who were never breastfed or breastfed for three months
or less, and increased in men breastfed for three months or longer.
To our knowledge only one study has tested the association between
breastfeeding and cognitive ability in old age, but found no significant
associations (Gale & Martyn, 1996). One possible explanation for the
discrepancy is that the study in question lacked data on duration of
breastfeeding: we found that the advantages from breastfeeding reached
statistical significance only after several months of breastfeeding and were
larger with longer durations of breastfeeding, and a recent meta-analysis
reported a significant dose-dependent association between breastfeeding and
cognitive ability in childhood and adolescence (Horta, Mola, & Victora, 2015),
suggesting that the causal mechanism or mechanisms involved function in an
incremental manner and require a longer exposure for significant advantages
to emerge. Other likely explanations for the discrepant finding include timeand place-related differences in alternatives to breastfeeding and consequent
differences in the quality of water supply and availability and affordability of
means of sterilization, as our study cohort was born up to 20 years later in
Finland and the other cohorts were born more recently in the United Kingdom,
Denmark and Brazil (Mortensen et al., 2002; Richards et al., 2002; Victora et
al., 2015).
We also found that verbal reasoning ability decreased between early
adulthood and old age in men who were never breastfed or were breastfed for
a shorter duration, and increased in those breastfed for a longer duration. No
prior study to our knowledge has investigated the associations between
breastfeeding and aging-related cognitive change. Different domains of
cognition follow different aging trajectories: effort-intensive abilities, or fluid
intelligence, peak in young adulthood but decline with increasing age, whereas
semantic memory processes, or crystallized intelligence, increase across the
entire lifespan (Park et al., 2002). Breastfed infants also have also been found
to attain higher education (Victora et al., 2015), which can in part derive from
their higher cognitive ability and has also been found in some (Habib, Nyberg,
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& Nilsson, 2007), but not all (Van Dijk, Van Gerven, Van Boxtel, Van der Elst,
& Jolles, 2008) studies to protect against aging-related cognitive change.
Together these studies suggest that breastfeeding may have the potential to
benefit life-span cognitive functioning by contributing to reserve capacity,
which is thought to reflect accumulated experience, cognitive skills and neural
networks that enhance an individual’s ability to cope with brain changes and
protect against aging-related cognitive change (Stern, 2009). As the
advantages from breastfeeding found at 68 years in our study have only small
effect sizes and thus a modest impact on the cognitive ability score, the clinical
or practical implications of the finding at the individual level may be limited.
We were not able to account for any time and place –related differences in
breastfeeding alternatives and practices in those not breastfed in our study
population and in previous studies (Gale & Martyn, 1996; Mortensen et al.,
2002; Richards et al., 2002; Victora et al., 2015). In our cohort the
predominant alternative to breastmilk is known to be cow’s milk. We also were
unable to account for potential health differences between the mothers of the
men who were breastfed and those who were not, and we do not have data on
reasons for not breastfeeding or potential confounding of breastfeeding
duration due to factors such as maternal employment; however, one month
payless obligatory maternity leave was introduced in Finland already in 1917.
It is also known that the pediatric and health center practice of the time was to
encourage mothers of all social classes to breastfeed, with very few exceptions,
the most common of these being maternal lung disease.
While the cognitive benefits from breastfeeding may be attributable to
neurodevelopmental advantages due to the fatty acid content in breastmilk
(Belfort et al., 2016; Bernard et al., 2017; Luby, Belden, Whalen, Harms, &
Barch, 2016; Ou et al., 2016), alternative explanations include confounding by
socioeconomic advantage as breastfeeding is in most cohorts more prevalent
in higher socioeconomic status families (Victora et al., 2016), maternal
cognitive ability, stimulating home environment and parenting behaviors that
promote infant cognitive development (Gibbs & Forste, 2014), and more
secure attachment and mother-infant bonding promoted by the breastfeeding
situation (Jackson, 2016). While we were not able to adjust for the quality of
the attachment relationship or parenting behaviors, we found that
breastfeeding was associated with cognitive ability at 20 and 68 years and
aging-related change in cognitive ability independent of maternal occupation,
which is correlated with maternal cognitive ability but does not fully account
for it. However, confounding by socioeconomic status is unlikely to explain the
association, as a recent meta-analysis reported that in nine studies that were
able to adjust for maternal cognitive ability, the association between
breastfeeding and cognitive ability remained statistically significant (Horta et
al., 2015), and furthermore, while in most cohorts breastfeeding is more
common in higher socioeconomic status families (Victora et al., 2016), in our
cohort it was more prevalent in lower socioeconomic status families.
Nevertheless, we found that being breastfed for at least three months benefited
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aging-related change in verbal reasoning ability. Verbal abilities are thought
to increase with age due to accumulated experience (Park et al., 2002; Schaie,
2013; Uttl, 2002; Zimprich & Mascherek, 2010), and our finding may suggest
that self-selection of those men who have early neurodevelopmental
advantages due to being breastfed in infancy into environments that promote
cognitive development such as higher education may be involved in the
acquisition of those benefits. However, further studies on the possible
mediating role of education in the benefits of breastfeeding for aging-related
cognitive change are needed to clarify the influence of the developmental
environment for these advantages.

5.1.2

COGNITIVE ABILITY AND THE RISK OF DEMENTIA

Study II showed that men who had lower cognitive ability scores in young
adulthood had a higher risk of any early-onset dementia. Cognitive ability in
young adulthood was not significantly associated with the risk of early-onset
Alzheimer’s disease, however this is likely due to lower statistical power in
these analyses: as the majority of participants with early-onset dementia had
Alzheimer’s disease, the associations with early-onset dementia were largely
driven by Alzheimer’s disease. We also found that cognitive ability in young
adulthood was not associated with the risk of any late-onset dementia or lateonset Alzheimer’s disease.
We also found that in the subsample of men who participated in the
cognitive ability retest at 68 years of age, lower cognitive ability scores 1 to 4
years before their late-onset any dementia diagnosis and greater aging-related
change in cognitive ability between young adulthood and old age predicted a
higher risk of dementia. However, as dementia has a long preclinical phase, a
possible explanation of these associations is reverse causality: lower cognitive
ability in older age likely reflects premorbid dementia in some participants
that have not yet received a dementia diagnosis.
Our findings align with prior studies which showed that lower cognitive
ability in young adulthood predicted higher risk of early-onset dementia in
Swedish male conscripts (Nordström et al, 2013; Nyberg et al, 2014) and with
a Scottish study which found showed that cognitive ability at age 11 years was
not associated with late-onset Alzheimer’s disease (McGurn et al, 2008) but
disagree with the findings from the same cohort showing that lower cognitive
ability at age 11 years predicted higher risk of any late-onset dementia
(Whalley et al., 2000) and vascular dementia (McGurn et al, 2008), but not
early-onset dementia (McGurn et al, 2008; Whalley et al., 2000).
One study that was published after our study was submitted for publication
found that cognitive ability in young adulthood was associated with risk of
both early- and late- onset dementia, but the associations were stronger with
early-onset dementia (Osler, Christensen, Garde, Mortensen & Christensen,
2017). While comparability with our findings is limited as the definition of
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early-onset dementia used was different from our study, 60 years instead of
65 years, this finding is compatible with the suggestion that the association
between cognitive ability and dementia risk may differ according to age of
dementia onset and age of cognitive ability measurement. However, the
finding that cognitive ability was also associated with late-onset dementia in
this study may also suggest the possibility that the lack of association with lateonset dementia in our study may be attributable to lower statistical power.
While our study cannot clarify the mechanism behind these time-varying
patterns of findings, it is possible that the contributions of different
mechanisms mediating the association between cognitive ability and the risk
of dementia may differ between different points in the lifespan. Indeed,
heritability estimates of cognitive ability suggest an overall pattern of increase
from childhood to adulthood, and relative stability after reaching adulthood
(Finkel et al., 1995; Haworth et al., 2010). The time-variant pattern may be
mediated by environmental self-selection, as individuals have had more
opportunities to choose environments that are compatible with their genetic
predispositions when cognitive ability is tested in early adulthood at age 20
years as in our Study II than when it is tested in childhood at age 11 years
(McGurn et al, 2008; Whalley et al., 2000) that may also be correlated with
health behaviors, lifestyles and activities that influence the risk of dementia.
While the association between cognitive ability at 20 years and the risk of
early-onset dementia was rendered non-significant when we adjusted for the
participant’s education, the association between cognitive ability at 68 years
and risk of dementia was independent of the participant’s education. As the
protective effect of education is accumulated during the lifespan, this may
suggest that the relative contributions of cognitive ability and education to the
prediction of the risk of dementia may differ between young adulthood and in
old age.
The number of cases with any dementia or Alzheimer’s disease in our
sample was overall small. However, this cannot entirely explain why we found
associations with early-onset but not with late-onset dementia, as we had more
cases with late- than early-onset any dementia and Alzheimer’s disease.

5.1.3

APOE, RISK OF DEMENTIA. COGNITIVE ABILITY AND AGINGRELATED CHANGE IN COGNITIVE ABILITY

Study III showed that the APOE ɛ4 major isoform, but not promoter and
intron-1 polymorphisms rs405509 and rs440446, were associated with the
risk of dementia. The status of APOE ɛ4 as a risk factor for dementia is well
established, and the results replicate the expected association between APOE
ε4 and a higher risk of any dementia and Alzheimer’s disease (Corder et al.,
1993; Sun et al., 2015).
The association between APOE and the risk of dementia was independent
of rs405509 and rs440446. However, the number of minor alleles in rs405509
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or rs440446 was not associated with risk of dementia. This latter finding is in
disagreement with some (Beyer et al., 2005; Lambert et al., 1998; Myllykangas
et al., 2002) but not all (Jun et al., 2012) previous studies. Possible
explanations for these discrepancies include ethnicity (Lambert et al., 2002)
or age of dementia onset (Beyer et al., 2005), however our study is unable to
confirm or refute these possibilities. Furthermore, we cannot rule out that the
null associations may reflect the small sample size and consequent low
statistical power in our study.
In Study IV we found associations between the number of minor alleles in
rs405509 and rs440446 and better cognitive ability in old age, though the
association with rs440446 did not survive the correction for multiple testing.
We also found that the visuospatial subtest score increased across five decades
in carriers of two minor alleles, but decreased in carriers of two major alleles
in rs440446. APOE major isoforms were not associated with these measures,
and the associations between the minor alleles in rs405509 and rs440446 and
cognitive ability were independent of the APOE major isoforms. In the APOE
major isoform -stratified analyses, which showed that the visuospatial subtest
scores increased across five decades in carriers of two minor and decreased in
carriers of two major alleles in rs405509 and rs440446, the associations were
significant in APOE ε3/3 homozygotes only, suggesting that the effects of
rs405509 and rs440446 on aging-related change in cognitive ability are driven
by APOE ε3/3 homozygotes. As no associations were found with cognitive
ability in young adulthood, our findings do not reflect individual differences in
cognitive ability across the lifespan, but rather point to changes in cognitive
abilities across five decades.
Our finding that the number of minor alleles in the rs405509 polymorphism
was associated with higher cognitive ability in old age, and with an increase in
the visuospatial subtest score across five decades, especially among APOE
ε3/3 homozygotes concurs with previous studies in Finnish APOE ε3/3
homozygous individuals (Myllykangas et al., 2002; Strandberg et al., 2005).
These previous studies have demonstrated that minor alleles in this promoter
polymorphism are associated with lower risk of Alzheimer’s disease and lower
brain beta amyloid deposition (Myllykangas et al., 2002) as well as smaller
aging-related cognitive change in presence of risk factors such as herpes virus
or low attained education (Strandberg et al., 2005). Regarding rs440446,
previous studies which have found associations with AD, independent of
APOE major isoforms, have most often linked the minor allele with lower risk
regardless of the population studied (Bullido et al., 2000; Lambert et al., 1998;
Myllykangas et al., 2002), and our findings are compatible with this pattern.
Our results, however, differ from a recent study that found no association
between rs405509 and rs440446 with performance in the MMSE (Folstein et
al., 1975) in a sample of healthy elderly men from the U.S. (Prada et al., 2014).
While this difference may be attributable to population differences, another
explanation may be the difference in the cognitive measures: MMSE is a
screening tool for cognitive deficits related to dementia, and may not be as
56

sensitive to changes and differences in cognitive ability with normal aging
(Sheehan, 2012). Our measure tested for verbal, arithmetic and visuospatial
ability and was used at the age of 20.1 years for selecting conscripts for
leadership training during their military service (Tiihonen et al., 2005) and in
the retest at the age of 67.6 years for testing stability and change in cognitive
ability in a non-demented population (Pesonen et al., 2013; Räikkönen et al.,
2009). However, as the U.S. study did not test for APOE independent and
isoform-specific effects of the rs405509 and rs440446 on MMSE (Folstein et
al., 1975), direct comparisons between our respective findings cannot be made.
APOE major isoforms were not associated with either cognitive ability at
20.1 or 67.6 years or with aging-related change in cognitive ability. A metaanalysis suggests that while particularly the ε4 isoform has in many studies
been found to be associated with lower cognitive function in old age, it is only
associated with some domains of cognition, such as executive function or
episodic memory but not with others, such as verbal ability or visuospatial
ability (Small, Rosnick, Fratiglioni, & Bäckman, 2004). It is possible that the
lack of significant associations with APOE ε4 isoform in our study reflects this
domain selectivity since we did not specifically test executive function and
episodic memory. However, we cannot rule out that the null associations may
reflect the small number of participants carrying the ε2 and ε4 isoforms.
The findings from Studies III and IV are in accordance with the suggestion
that the APOE gene may be associated with the risk of dementia and nonpathological cognitive aging via separate mechanisms (Deary et al., 2002).
Study III showed that APOE ε4, but not rs405509 and rs440446, were
associated with the risk of dementia, and in Study IV we found that rs405509
and rs440446, but not the APOE ε2 or ε4 major isoforms, were associated with
cognitive ability in old age and aging-related change in cognitive ability.
Together these findings suggest that the APOE locus may be linked with the
risk of dementia via an isoform-dependent mechanism and with nonpathological cognitive aging via an isoform-independent mechanism in this
cohort. However, further studies are needed to determine if a similar pattern
of associations is found in other samples derived from one study population.
It has been suggested that not only the differences between the ɛ2/ɛ3/ɛ4
protein isoforms but also levels of the apoE protein are associated with neural
development and degeneration (Bullido & Valdivieso, 2000), and as variations
in rs405509 and rs440446 have been found to affect the transcriptional
activity of the APOE gene (Artiga et al., 1998; Viiri et al., 2008), a possible
isoform-independent mechanism may be linked with APOE expression.
However, it is important to note that while rs405509 and rs440446 may be
associated with cognitive phenotypes via mechanisms linked with APOE
expression, APOE expression is also affected by other polymorphisms in the
gene promoter region as well as interactions with non-genetic factors such as
diet or hormones (Bullido & Valdivieso, 2000). Furthermore, the apoE protein
has a multitude of functions in the central nervous system (Mahley & Huang,
1999; Mahley & Rall, 2000) that could influence cognitive aging phenotypes,
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and shows isoform-specific differences in mechanisms related to amyloid-β
accumulation and clearance, tau protein phosphorylation, brain structure and
function, synaptic plasticity and dendritic spine integrity, lipid metabolism,
neuroinflammation and neurogenesis (Liu et al., 2013). While it has been
suggested that lower levels of apoE protein in ɛ4 carriers may contribute to
Alzheimer’s disease progression, and thus increasing APOE expression could
decrease the risk of dementia by compensating for the functional inefficiencies
of the ɛ4 isoform (Liu et al., 2013), it is not known if increased expression
similarly benefits all the functions of the apoE protein in the central nervous
system. Thus, while our findings provide limited support to the suggestion that
modifying APOE expression could be an effective treatment strategy for
cognitive aging, the causal pathway from individual genetic polymorphisms to
pathological and non-pathological cognitive aging phenotypes is likely to be
complex and remains to be elucidated in future studies.
5.2

METHODOLOGICAL CONSIDERATIONS

The studies that comprise this thesis have the strength of having been
conducted in a well-characterized lifespan cohort with data available on many
important covariates. However, as recent studies (e.g. Kivipelto et al, 2006;
Ngandu et al, 2015; Qiu et al, 2010) have emphasized the multifactorial nature
of the risk of aging-related cognitive change and dementia, our studies have
the limitation that we were unable to account for many health-related factors
and behaviors known to be associated with these outcomes over the lifespan.
These include nutrition, alcohol use or smoking, physical activity, measures of
an active or engaged lifestyle, personality traits or stressful life events, prenatal
maternal stress or early-life stress, and it is possible that these factors could be
at least a partial explanation for our findings in form of residual confounding
or unmeasured variance. Furtheremore, we cannot rule out the possibility that
some of our findings may be due to chance instead of reflecting genuine
associations between the study variables.
In Study II it is possible that the associations between cognitive ability at 68
years and aging-related cognitive change and the risk of late-onset dementia
may be affected by reverse causality, as lower cognitive ability in some
participants may reflect preclinical dementia instead of normal aging-related
changes in cognitive ability. Accordingly, these results should be interpreted
with caution.
Of the different indicators of reserve capacity used in prior studies on the
risk of dementia, we were able to account for the participant’s occupational
status and highest attained education. While education has been suggested to
be the strongest measure of reserve capacity (Prince et al., 2014), we did not
have measures of a cognitively, socially or physically active and engaged
lifestyle available, which may have affected the findings as a result of
unmeasured variance.
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Our cohort was born in 1930s and 1940s, and thus direct generalizations to
cohorts born more recently cannot be made. However, this is an unavoidable
limitation of studying an elderly cohort. It is possible that the findings using
data from the invitation-based follow-ups where genetic and cognitive ability
retest data were collected have been influenced by selective sample attrition,
as the participants in the follow-ups may have been healthier than those who
did not participate, which may have caused our studies to overestimate the
associations. Indeed, our representativeness analyses for each study suggest
an overall tendency that the participants in the analytic samples in our studies
were better educated and came from higher socioeconomis status families
compared to the rest of the cohort, they had more favorable birth or childhood
anthropometrics and they were less often diagnosed with stroke or coronary
heart disease. While the analytic samples in Studies I-IV overlap only partially,
they overall represent a limited section of the cohort that is above average in
health and socioeconomic status. Accordingly, the applicability of our findings
to less advantaged populations should be interpreted with caution.
While we have provided data on the representativeness of the analytic
samples compared to the rest of the cohort in each study article, we cannot
account for possible differences in the study variables that have been the basis
of forming the analytic samples, as most or all of the members of the cohort
with data available on these variables were included in the analytic sample.
Furthermore, unmeasured differences in societal or living conditions remain
a possible explanation for the findings regarding cognition in old age, and
generalizability to different ethnicities and cohorts born at different times is
limited.
The analytic samples of Studies I, II and IV included only men. Sex
differences have been reported with cognitive ability and its lifespan
correlates, including brain structure (Chen, Sachdev, Wen, & Anstey, 2007; de
Courten-Myers, 1999), brain size (Rushton & Ankney, 2009) and the
correlations between general cognitive ability and brain size (McDaniel,
2005), and furthermore overall dementia prevalence is higher in women than
in men (Prince et al, 2015). While sex differences in general cognitive ability
have been found to be very small (Dykiert, Gale, & Deary, 2009) and prior
studies on the association between breastfeeding and cognitive ability in
adulthood (Gale & Martyn, 1996; Mortensen et al., 2002; Richards et al.,
2002; Victora et al., 2015), and rs405509 and and rs440446 and the risk of
Alzheimer’s disease (Bullido et al., 2000; Myllykangas et al., 2002) have
reported similar associations in both men and women, large-scale studies have
reported conflicting findings on whether sex differences exist in the
association between early-life cognitive ability and dementia risk (Huang et al,
2018; Russ et al, 2017). Thus, while our findings in samples that included only
men are not directly generalizable to women, it is unlikely that there would be
major differences in these associations in women, with the most likely
exception based on prior research formed by the association between cognitive
ability and dementia risk.
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The studies included in this thesis were overall conducted in comparatively
small analytic samples and with limited statistical power, which is worth
noting for the purposes of interpretation of some of our findings. In Study I we
detected modestly sized associations between breastfeeding multiple cognitive
ability subtests in young adulthood in young adulthood and old age. We also
found an association between breastfeeding and aging-related change in the
verbal subtest score, however it is possible that associations with aging-related
change in the other cognitive ability scores may have remained undetected due
to limited statistical power. In Studies II and III we had a relatively small
number of dementia cases in our samples, as due to the relative youth of the
cohort many of the participants have yet to receive a diagosis, and also the
prevalence of dementia in Finland is low compared to most other countries
(Prince et al, 2015). It is possible that modest statistical power may have
caused us not to detect an association between cognitive ability in early
adulthood and late-onset dementia despite the larger number of participants
with late-onset dementia compared to early-onset dementia in our study.
Indeed, a recent study that was done in a larger sample reported associations
between cognitive ability in early adulthood and both early-onset and lateonset dementia, though the association with early-onset dementia was
stronger (Osler et al, 2017). An additional concern for Studies III and IV is the
overall small size of the effects of individual genetic variants on cognition apart
from APOE ɛ4 (Bertram & Tanzi, 2008). Thus, the possibility remains that
modest statistical power may be an explanation for the lack of an association
between minor alleles in rs405509 and rs440446 and the risk of any dementia
or Alzheimer’s disease risk in Study III.

5.2.1

COGNITIVE ABILITY

Many of the associations between cognitive ability and the other study
variables were found with multiple cognitive ability subtests. In Study I,
breastfeeding and its longer duration were associated with higher scores in
multiple cognitive domains at 20 and 68 years, in Study II multiple domains
of cognition at 20 years were associated with the risk of early-onset dementia,
cognitive ability at 68 years and change in cognitive ability between 20 and 68
years and the risk of late-onset dementia, and, in Study IV, the number of
minor alleles in rs405509 and rs440446 were associated with all tested
domains of cognition at 68 years. As all of our cognitive ability subtests are
time-limited measures of reasoning ability, which has been found to be a good
approximate of general cognitive ability (Carroll, 1993), it is likely that the
domain-general associations reflect the common variance in an individual’s
cognitive performance between different measures represented by general
cognitive ability and may thus be more likely related to general-level processes
of cognitive and brain aging.
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However, some of our findings with aging-related change in cognitive
ability were domain-specific. In Study I, verbal subtest scores decreased
between 20 and 68 years in participants who were breastfed for less than three
months and increased in those who were breastfed for at least three months.
This likely reflects advantages associated with being breastfed in infancy that
are accumulated over the lifespan such as higher education (Victora et al.,
2015) that may be partially attributable to the early advantage in cognitive
ability from breastfeeding, and is in agreement with the common finding in
factor analytic studies that verbal ability is related to crystallized cognitive
abilities (Carroll, 1993). In Study IV, minor alleles in rs405509 and rs440446
were associated with greater aging-related change in the visuospatial subtest
score. The visuospatial subtest is analogous to Raven’s progressive matrices
(Raven, 2000), a well-established indicator of general cognitive ability (Gray
& Thompson, 2004), and has been found to be an independent predictor of
another neurologic disorder, stroke, which was not found with the other
subtests (Kajantie et al., 2012). It is possible that the visuospatial subtest is
more sensitive to neurologically-based changes in cognitive ability than the
verbal and arithmetic subtests, which depend to some degree on culturally
acquired knowledge and skills.
The Helsinki Birth Cohort Study cognitive ability data comprises a very long
test-retest interval, but no intermediate testings between 20 and 68 years. We
have used cognitive ability at 20 years to approximate the lifespan peak level
of ability which is likely to be a good approximation in the case of many
cognitive abilities, however it is also known that others peak at later ages
(Hartshorne & Germine, 2015). Thus, while our data allowed us to study the
associations between the magnitude of change in cognitive ability over the
lifespan and breastfeeding, late-onset dementia risk and APOE genetic
variants, we were unable to fully distinguish if these associations are
particularly related with the level of cognitive ability or with the rate of agingrelated change.
Our cognitive ability measure likely does not entirely capture specific
variations in basic cognitive functions that correspond to specific features of
brain aging that may underlie the aging-related changes in congitive ability. It
is thus possible that a lack of sensitivity to these changes may have caused us
not to detect associations that may be closely related to specific basic cognitive
functions.

5.2.2

DEMENTIA DIAGNOSIS

Dementia prevalences in Studies II and III (2.8% and 2.1%, respectively) were
similar to the nation-wide estimates for the corresponding age group (Prince
et al, 2015). We had data available on dementia diagnoses from national
registers, which have been found in another Finnish cohort to identify
dementia cases accurately (Solomon et al., 2014); however it has been
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estimated that inpatient data from the Hospital Discharge Register may miss
approximately half of dementia cases (Solomon et al., 2014). Thus, Studies II
and III may underestimate dementia prevalence before outpatient data
became available for the cohort in 1998. However, this cannot explain the lack
of associations with late-onset dementia, as in 1998 the oldest members of the
cohort were 64 years old, so any missed cases are early-onset dementias. Our
data on dementia diagnoses were based on the date of earliest diagnosis from
the Hospital Discharge Register or the date of death from the Causes of Death
Register, and thus we are unable to account for possible delays in seeking
treatment. Accordingly, it is possible that participants with mild or early forms
of dementia have not sought treatment and thus remain undiagnosed, or that
some participants may have fulfilled the diagnostic criteria before the age of
65 years but received a late-onset diagnosis due to delays in seeking treatment.
The HBCS cohort is relatively young for an elderly cohort, the oldest
members were 79 at the time of register data linkage, and many of the
participants have yet to receive a dementia diagnosis. Indeed, the cohort has
not yet reached the age of peak dementia incidence in Europe according to
meta-analytic data, which is between ages 80 and 89 years (Prince et al, 2015),
and it is possible that our findings would differ from those in older cohorts.
Due to the age-linked nature of dementia and its risk factors the participants
yet to receive a dementia diagnosis in our cohort may have been exposed to
fewer or different risk-increasing factors than those who had received a
diagnosis at the time our studies were conducted and were included in our
analytic samples. The relative youth of the cohort is also a partial contributor
to the modest statistical power in Studies II and III, as the overall number of
participants with dementia diagnosis in these studies was small.
Despite these limitations the age of the cohort cannot entirely explain why
we found associations with early- but not with late-onset dementia in Study II,
as we had nearly 3 and 7 times more cases with late- than early-onset any
dementia and AD, respectively. Furthermore, the relative youth of the cohort
is unlikely to have affected the relative contributions of APOE ɛ4 and rs405509
and rs440446 to the risk of dementia in Study III. As the effect of APOE ɛ4 on
the risk of dementia diminishes after age 70 (Farrer et al., 1997), and as
rs405509 and rs440446 are in linkage disequilibrium with ɛ4 (Jun et al., 2012;
Rantalainen et al., 2016; Roses et al., 2010), the proportion of the rs405509 T
and rs440446 G alleles that are more common in ɛ4 carriers with dementia
will likely diminish according to age as well, and an increasing proportion of
carriers of these alleles among participants who receive a dementia diagnosis
will likely be ɛ4 non-carriers.

62

5.3

CONCLUSIONS

Overall, the findings from the studies that comprise this thesis add to findings
from previous studies on lifespan cognitive ability and risk of dementia, and
also provide novel findings relating to major non-heritable and heritable
determinants of lifespan cognitive health.
The findings showing that breastfeeding in infancy was associated with
better preserved cognitive ability in old age and that higher cognitive ability in
young adulthood was associated with lower risk of eary-onset dementia
highlight the importance of early-life factors to cognitive health over the entire
lifespan, as the relative stability of individual cognitive trajectories implies that
individual differences that are present in early life are likely to be maintained
at later ages. These findings are in agreement with the view of reserve capacity
acting as a major protective factor for lifespan cognitive health, and suggest
that supporting the early developmental environment may be an effective
strategy to promote cognitive health over the entire lifespan by contributing to
reserve capacity.
While we found that APOE ɛ4 was associated with the risk of dementia and
Alzheimer’s disease, we did not find it to be associated with cognitive ability or
aging-related change in cognitive ability. However, our findings showed that
rs405509 promoter and rs440446 intron-1 polymorphisms were associated
with better preserved cognitive ability in old age in this cohort. Taken together
the findings from Studes III and IV are compatible with voluminous evidence
from prior research indicating that APOE is the most important risk gene of
cognitive aging, and present novel findings suggesting that variance in the
APOE gene locus other than the major isoforms is relevant to cognitive aging
phenotypes and meriting of further study.
However, the clinical and practicial implications of some of our findings
may be limited due to the effect sizes being of small magnitude. Several of our
findings are also limited by modest statistical power, and await replication in
larger samples.
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