
Chapter 5
Cognitive Reserve: A Life-Course
Perspective

Serhiy Dekhtyar and Hui-Xin Wang

Abstract The concept of reserve has been developed to account for the disconti-
nuity between the extent of brain damage at its clinical manifestation in the form of
cognitive decline or dementia. In this chapter, we discuss contributors to cognitive
reserve from various stages of the life-course, including childhood, early adulthood,
middle age, and late life. Evidence from observational, as well as intervention trials
is presented and assessed. We conclude by arguing that reserve formation in
dementia risk is a life-course process whereby baseline cognitive abilities are
subjected to modulation by subsequent experiences at diverse stages over the entire
life-course. Variations among individuals in their ability to withstand age-related
brain changes is ultimately dependent on their life-time accumulation of mental,
physical, and lifestyle inputs into cognitive reserve.
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5.1 Introduction

It has been reported that about a quarter to two-thirds of people characterized as
cognitively intact throughout longitudinal assessments in fact fulfil pathological
criteria for dementia at autopsy (Neuropathology Group 2001; Steffener and Stern
2012; Crystal et al. 1988; Morris et al. 1996; Price and Morris 1999; Mortimer et al.
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2003). These findings provided an empirical underpinning for the well-established
regularity in clinical practice that the same degree of head injury, or stroke, often
leads to drastically different levels of cognitive impairment across individuals. As a
result, the concept of reserve was developed to account for the discontinuity
between the extent of brain damage and its clinical manifestation (Stern 2002,
2009). Reserve hypothesis postulates that functioning may be maintained in the
presence of brain changes or insults due to the aspects of brain structure and
function that can buffer the effects of neuropathology. Therefore, the greater the
reserve, the more severe is the pathology required to manifest as functional
impairment (Richards et al. 2004). The distinction between brain structure and
function in the definition of reserve has led to the subdivision of the concept into
two components: brain reserve and cognitive reserve, each emphasizing distinctive
aspects of protection against the mounting pathology.

Brain reserve encompasses protection from cognitive impairment or dementia
due to anatomical features of the brain, such as size, neural count, or synaptic
connectivity (Katzman 1993). The brain reserve hypothesis argues for a critical
point of pathology, beyond which any further deterioration will invariably lead to
functional impairment (Satz 1993). Individuals with larger brains, more neurons, or
better-connected synapses should be able to sustain more insults prior to the clinical
manifestation. The brain reserve hypothesis is also known as the passive model
because it assumes that the effects of a given insult will lead to identical effects
across individuals and that the eventual differences are only due to the brain reserve
capacity—the damage is either sufficient or insufficient to deplete this capacity
beyond a fixed critical level. This model, therefore, does not account for individual
differences in brain network efficiency or flexibility, which might exist even at
identical levels of brain size or synaptic count.

Cognitive reserve is a concept related to brain reserve, in a way that it is also
meant to help cope with underlying brain damage. The difference is that cognitive
reserve emphasizes efficiency and resilience of the brain networks rather than the
biological characteristics of these networks (Stern 2009). Efficiency—brain net-
work’s ability to operate effectively despite sustained disruption, and flexibility—
recruitment of alternate networks when faced with disruption to the standard
approaches, are the centrepieces of the cognitive reserve model. In contrast to the
brain reserve model, a fixed threshold for functional impairment is not assumed in
the framework of cognitive reserve—instead, the critical threshold varies across
individuals as a function of how efficient or resilient the brain networks are at
utilizing the remaining neuron connections. Therefore, the effects of brain damage
might vary across individuals depending on their ability to cope with the damage,
even if the underlying brain reserve capacity is held constant.

The concept of reserve has been called upon to account for a well-established
finding in epidemiological literature that high educational (Katzman 1993; Meng
and D’Arcy 2012) and occupational attainment (Qiu et al. 2003; Stern et al. 1994)
appear to protect against cognitive decline and dementia. Explaining this finding
using the predictions of the brain reserve hypothesis would imply a conclusion that
the brains of highly educated individuals are considerably different in terms of
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anatomical features than the brains of individuals with less advanced education. The
cognitive reserve explanation provides a more plausible explanation: people with
higher educational or occupational attainment are able to process tasks in a more
efficient manner because their brains actively attempt to cope with brain damage by
using pre-existing cognitive processing approaches, or by activating compensatory
mechanisms (Fratiglioni and Wang 2007)—and high education or occupational
attainment might indicate the extent to which these strategies will be successfully
used across individuals.

Both brain reserve and cognitive reserve models are closely related to the general
concept of brain plasticity (Mahncke et al. 2006)—the ability of the brain to
re-arrange structure as well as neural connections, allowing it to change with
learning, to repair, and to compensate. Plasticity is central to memory foundation
and learning processes because it provides the brain with a life-long possibility to
change and adjust when facing environmental demands and stimuli. The focus on
life-long development is important for the cognitive reserve construct in particular,
which, as an active process, is likely formed as a combination of baseline capacity,
which is then subjected to modulation by multiple experiences and exposures
throughout the entire life-course. Through this life-long process an individual
develops a level of cognitive reserve which in turn can mitigate the effects of
pathology on the clinical diagnosis later in life.

In this chapter, we will explore the life-course perspective to cognitive reserve in
the framework of cognitive decline and dementia in greater detail. We start out by
laying out some well-established epidemiological evidence in favour of the cog-
nitive reserve hypothesis, with particular emphasis on reserve contributors from
various stages of the life-course, including childhood. For each reserve contributor,
we also discuss potential neural and cellular mechanisms that could account for the
reported findings. We proceed by presenting a tentative model of cognitive reserve
over the life-course, which emphasizes various reserve components and contribu-
tors from different points throughout the life-span. Conclusions are offered at the
end of the chapter.

5.2 Early Adulthood: Educational Attainment

Evidence of an elevated risk of dementia in people with low educational attainment
is cited most often in support of a cognitive reserve hypothesis for late-life dementia
and cognitive decline. The evidence is so abundant and consistent that the recently
discovered decline in dementia prevalence in the West has been in part attributed to
expanding educational opportunities in rich industrialized societies (Langa 2015).
A recent meta-analysis (Meng and D’Arcy 2012) has found more than 100 studies
reporting either protective effects of high education or detrimental effects of low
attainment on the risk of dementia from a wide variety of contexts. Most often, an
explanation of these effects involves a reference to the general cognitive reserve
hypothesis, emphasizing brain networks efficiencies and flexibilities, whereby
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individuals with high attainment are suspected to have more efficient brain net-
works which remain operational even under the burden of pathology, or are able to
re-distribute tasks away from the damaged areas in favour of the networks unaf-
fected by the pathology (Herlitz and Dekhtyar 2013).

An alternative to the cognitive reserve explanation behind the association
between education and late-life cognitive decline or dementia is the so-called
brain-battering hypothesis (Del Ser et al. 1999). It builds on the notion that
well-educated individuals are more prone to engage in healthier lifestyles associated
with a lower burden of vascular and behavioural risks (Gottfredson 2004), which
are then implicated in late-life dementia risk (Norton et al. 2014). Therefore, any
eventual association between education and cognitive decline or dementia is not
due to education mitigating the impact of pathology on the clinical expression of the
disease, but rather due to education protecting individuals from developing vascular
neuropathology which, ultimately, is the cause of dementia. The brain-battering
hypothesis was first used to account for a peculiar finding that individuals with low
education were both diagnosed as demented and eventually died earlier than the
highly educated ones, although they did not differ in the rate of cognitive decline or
the neurodegenerative burden; the only difference between the two groups was in
terms of cerebrovascular pathology (Del Ser et al. 1999). Further, lifestyle factors,
such as smoking, were found to alter the association between education and
non-Alzheimer disease dementia (Cobb et al. 1995), suggesting mediation by
vascular factors. Finally, mixed findings have been reported between education and
measures of brain pathology or structure, casting doubt on the model of cognitive
reserve (Roe et al. 2008; Christensen et al. 2007; Koepsell et al. 2008), although
there have been issues with representativeness, sample size, and selection of
pathological measures in these studies. Another possibility for the association
between education and dementia is the so-called detection bias, suggesting that
subjects with dementia who are less-educated would be diagnosed at an earlier
pathological stage of the disease as compared to those with higher education. This
is especially relevant since some studies have found that low education has been
associated with an elevated incidence of dementia, whereas at the same time no
association has been established between low education and the rate of memory
decline or mortality of dementia patients (Qiu et al. 2001; Tuokko et al. 2003).

Although detection bias and the earlier-discussed brain-battering hypothesis are
both legitimate alternatives to the general theory of cognitive reserve in explaining
the link between education and cognitive decline, increasing evidence is pointing to
the existence of a neural basis for cognitive reserve in dementia risk. The risk of
Alzheimer’s disease was more than halved in the group with higher educational
level, even after adjustment for demographic, socioeconomic, lifestyle, and vascular
characteristics in a large Finnish study (Ngandu et al. 2007). Similarly, a large study
based on harmonization of longitudinal clinical data and neuropathology from three
long-standing population-based studies that included post-mortem donation of 872
brains (Brayne et al. 2010) has shown that education did not protect against the
accumulation of neurodegenerative or vascular pathologies in the brain at death. It
did, however, mitigate the association between pathology burden and cognitive
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decline, so that for a specific pathological burden, those with more education were
at a lower risk of dementia in late life. Considering the fact that evidence has been
derived from relatively large sample size, population-based nature of the data, and
longitudinal assessments, it is becoming increasingly likely that that the association
between low education and increased incidence of dementia is not due to an
increased burden of neuropathology, but rather due to increased vulnerability of
less-educated individuals to cognitive deterioration due to neuropathological insults
(Brayne 2010).

5.3 Mid-Life: Occupational Attainment and Mental
Activity

While education is viewed as a contributor to cognitive reserve from early adult-
hood, there has also been considerable interest in epidemiological literature in
reserve contributors from mid-life, of which occupational attainment has been one
of the most prominent (Karp et al. 2009; Andel et al. 2005). It is believed that
demanding occupational roles enhance cognitive reserve by maintaining intellectual
flexibility even into the ages when cognitive function is otherwise expected to
decline (Schooler 2004). Furthermore, prolonged mental stimulation at work pre-
vents disuse and subsequent atrophy of cognitive processes and skills (Fratiglioni
et al. 2004), as predicted by the “use it or lose it” hypothesis (Salthouse 1991).

A number of epidemiological studies have found that individuals in manual
occupations are at an elevated risk of poor cognitive performance (Dartigues et al.
1992) and dementia (Qiu et al. 2003; Smyth et al. 2004). One of the explanations
offered to account for these findings concerns differences between occupations in
the extent of complexity of tasks an individual performs daily, with substantively
complex occupational roles expected to provide the most demanding practice and
exercise (Schooler et al. 1999). The work complexity aspect has been subsequently
assessed in a number of epidemiological studies, with occupational tasks graded
along the broad dimensions of complexity with data, people, and things (Karp et al.
2009; Andel et al. 2006; Kröger et al. 2008). Results from these studies have
indicated that individuals in occupational roles requiring expertise in tasks dealing
with people and data are at a reduced risk of poor cognitive functioning (Smart et al.
2014) and dementia in late life (Dekhtyar et al. 2015a). These effects are not
explained by shared genetic- or early-life environmental confounding as demon-
strated in a co-twin study (Andel et al. 2005).

Similarly to the effects of education, several imaging and autopsy-verified
studies have generally corroborated the findings reported in epidemiological liter-
ature, suggesting the existence of a neural basis for the relationship between oc-
cupational attainment and cognitive decline and dementia. For instance, it has been
shown that higher occupational attainment was associated with a greater pathologic
burden (lower regional cerebral blood flow in medial frontal cortex and left
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dorsolateral frontal cortex) in patients with frontotemporal dementia (FTD), sug-
gesting a reserve pathway because increased pathologic load must have been ini-
tially present for clinical symptoms to appear (Borroni et al. 2009). Furthermore,
FTD patients with occupations requiring advanced verbal abilities also had reduced
regional glucose utilization in the left inferior frontal gyrus, whereas those with
more physically demanding roles at work displayed reduced metabolic rate of
glucose utilization in the supplementary motor area (Spreng et al. 2011), further
indicating that a neural basis might underlie the effects. A recent study has also
shown that survival was prolonged in autopsy-confirmed FTD patients with higher
occupational attainment (Massimo et al. 2015). Finally, in the context of AD,
controlling for clinical dementia severity, less relative perfusion has been found in
the parietal region in individuals whose occupations were characterized by higher
interpersonal skills (Stern et al. 1995).

Whereas the association between occupational complexity and dementia has
mostly been attributed to cognitive reserve pathways emphasizing neural efficiency
or neural compensation, it is also possible that other mechanisms are also impli-
cated. Some studies have suggested the detrimental effects of work stress could also
be at play. A study from Sweden found that low job control (in both demanding and
non-demanding jobs) was associated with an elevated risk of dementia, even after
accounting for vascular factors (Wang et al. 2012b).

5.4 Late Life: Social Networks and Leisure Activities

Although the effects of mid-life cognitive stimulation through complex occupa-
tional demands is well-established, a number of studies have suggested that late-life
stimulating activities can serve as an additional line of defence against cognitive
decline and dementia. Of these stimulating activities, the effects of social networks
and leisure activities have been particularly emphasized. Living alone and having
limited social contacts have been found to be associated with more than a 50%
increase in the risk of dementia in later life in a community-based cohort of 1203
non-demented individuals aged 75 or more from Stockholm, Sweden (Fratiglioni
et al. 2004). Interestingly, infrequent social contacts with network resources have
not been found to elevate the risk of dementia, provided those contacts were
deemed as satisfying. A later study using a more detailed assessment of social
networks based on the validated Lubben Social Network Scale reported largely
comparative findings, albeit in an exclusively female study population (Crooks
et al. 2008). Several pathways have been suggested to account for the findings,
including the possible precipitating effects of limited social contacts in situations
when pathological alterations are already in place, akin to the reserve model pre-
dictions (Fratiglioni et al. 2000). A biological mechanism could also be at work,
with previous literature suggesting a link between social integration and immune
system (Seeman 1996), whereas both degenerative and vascular dementia also
exhibit considerable inflammatory components.
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More recent studies into the relationship between social networks and dementia
have explored specific activity dimensions, with leisure activities receiving con-
siderable interest. A systematic review has found that 52 original articles linking
leisure activities (mental, physical, and social components) and dementia have been
published between 1991 and 2011 (Wang et al. 2012a). Observational studies are
mostly consistent in indicating beneficial effects of physical (Tolppanen et al.
2015), mental (Karp et al. 2006), and social leisure activities (Paillard-Borg et al.
2009; Verghese et al. 2003) on dementia. Importantly, various leisure activities
could have a different effect on the pattern of cognitive decline in old age. Thus, a
recent study using detailed data from China has reported that in almost 1500 men
and women aged 65 and older, higher levels of mental ability were associated with
slower decline in global cognition, language, and executive function. In contrast,
higher levels of physical leisure activities were related with less decline in episodic
memory and language, with a clear dose-response pattern observable across both
mental and physical leisure types (Wang et al. 2013). While observational studies
are mostly consistent at indicating protective effects of physical and mental abilities
on dementia, randomized control trials have so far lacked similar consistency
(Wang et al. 2012a), although some promising findings been reported in a trial of a
multi-domain intervention consisting of diet, exercise, cognitive training, and
vascular monitoring (Ngandu et al. 2015). Similarly, transitioning from a sedentary
lifestyle to moderate physical activity has been shown to have a beneficial effect on
cognitive functioning and dementia (Lovden et al. 2013). In general, more research
is required to unequivocally conclude that stimulating (socially, physically, and
mentally) lifestyles in old age provide an additional line of defence, over and above
of that already developed through educational or occupational stimulation.

5.5 Early Life: Childhood Cognitive Ability

Although education, a contributor to cognitive reserve from early adulthood, occu-
pational attainment, a contributor frommid-life, and social networks/leisure activities
from late life have all been implicated, to various degrees, in late-life cognitive
decline and dementia, a number of questions have remained. One of the most per-
tinent issues concerns the directionality of the effects of education and occupational
attainment: are mentally stimulating lifestyles true risk factors for cognitive decline
and dementia, or are their effects simply a consequence of differences in prior cog-
nitive ability? The former possibility, known in the literature as the differential
preservation hypothesis, suggests that intellectual stimulation and development of
mental abilities can in fact delay age-related decline—therefore the extent to which
either factor (higher education or occupation) is present, differentially affects the
trajectory of cognitive change and decline (Salthouse 2006; Gow et al. 2014). In
contrast, the preserved differentiation hypothesis argues that educational and occu-
pational effects on cognitive functioning in late life are ultimately confounded by
differences in baseline cognitive abilities (Smart et al. 2014).
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The possibility that early-life cognitive abilities might be implicated in late-life
cognitive decline and dementia has been suggested in the literature previously,
although testing the hypothesis proved difficult due to considerable data limitations.
For instance, an investigation of autobiographies written by 22-year old nuns has
revealed that those nuns who would later develop also had lower linguistic ability,
which served as a marker of intelligence, as opposed to the nuns who would not
develop the disease (Snowdon et al. 1996). A later study based on the same data
indicated that low early-life linguistic ability was also related to lower brain weight,
higher degree of cerebral atrophy, more advanced neurofibrillary pathology, and
neuropathologic criteria for AD (Riley et al. 2005). Although a seminal study that
provided tentative support for the hypothesis that early-life cognitive ability might
underlie the risk of late-life decline and dementia, the Nun study had limitations: its
population was not representative and the sample size was small (especially in the
neuropathological study), which means that the issue of preserved differentiation
versus differential preservation of cognitive abilities throughout the life-course
remained unaddressed.

Some of the more comprehensive investigations of the effects of early cognitive
ability on late-life cognitive ageing have come from the data on Scottish children
(known as the Lothian cohorts), born in the 1920–1930s who took an identical
cognitive test at the age of 11, and were subsequently enrolled in a study of
cognitive ageing after the age of 70 (Deary et al. 1921). It has been reported that
childhood intelligence was not associated with early-onset dementia, whereas dif-
ferences by early-life intelligence did exist in the case of late-onset dementia
(Whalley et al. 2000). A subsequent study on the same material revealed that lower
childhood IQ was a risk factor for vascular dementia, but not Alzheimer disease,
suggesting potential mechanisms via the vascular pathology, akin to the
brain-battering hypothesis (McGurn et al. 2008). A recent study has explicitly
examined the relative importance of the preserved differentiation vs. the differential
preservation hypotheses using the Lothian cohorts’ data, although in the context of
cognitive ageing and not dementia. It was shown that complex occupational roles in
mid-life were associated with improved cognitive performance in later life, even
after controlling for IQ at age 11 (Smart et al. 2014). On the one hand, these results
confirmed the differential preservation hypothesis, suggesting that engagement in
complex environments in later life may help preserve cognitive function in
advanced ages. On the other hand, since the effect size of occupational complexity
was reduced by more than half once childhood intelligence was accounted for, it
appears that engagement in complex activities is also partly a consequence of earlier
cognitive abilities, as would be predicted by the preserved differentiation
hypothesis.

It is, however, important to note that early-life cognitive ability may be asso-
ciated with cognitive ageing not only by virtue of life-long stability of cognitive
abilities, i.e. by affecting the level of functioning in old age, but also by influencing
the rate of decline. Longitudinal assessments of cognitive ageing are not uncom-
mon, although only a handful of studies also managed to collect early-life ability
measures, and contradictory findings have been reported thus far. For instance, the
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latent growth curve analysis of the Lothian cohort data has shown that intelligence
at age 11 was associated with the baseline level of cognitive ability at age 79, but
not with the rate of decline 8 years later (Gow et al. 2011). On the other hand,
childhood cognitive ability was associated with both the level as well as the change
in cognitive abilities between ages 43–53 in the National Survey of Health and
Development data (Gow et al. 2012). Although more studies are needed to clarify
the issue, it appears that early-life ability can affect late-life cognitive declines, and
not just the levels of ability, although this may not happen uniformly across all
stages of the ageing process.

One way of contributing to the debate about the relative importance of preserved
differentiation versus differential preservation in the context of cognitive ageing
over the entire life-course would be by examining whether the late-life risk of
dementia is reduced in individuals with high education or in complex occupation,
after childhood cognitive ability is taken into account. Only two studies so far has
been able to combine information on childhood cognitive ability, educational
attainment from early adulthood, and life-time occupational complexity in a
life-course model of cognitive reserve in dementia (Dekhtyar et al. 2015a).

A large population-based study from Uppsala, Sweden has followed more than
7500 individuals aged 65 for 29 years to detect their incident dementia. To capture
childhood cognitive ability, school grades from the third year of elementary school
(age 10) were extracted from the school archives, while information was also
collected on formal education, and life-time occupational attainment. It was
reported that participants with the lowest 20% of school grades from age 10 were at
an elevated risk of dementia, relative to the rest of the population (HR: 1.21,
p < 0.05). Effects of education on dementia disappeared once early-life school
performance was accounted for, whereas higher occupational complexity with data
preserved its association with a reduced risk of dementia (Dekhtyar et al. 2015a).
These findings were later confirmed in a study of about 450 men and women aged
75 or more who underwent detailed neuropsychological assessment, as opposed to
the inpatient diagnosis which was used in the study from Uppsala. An even greater
risk of dementia (HR: 1.5; p < 0.05) was found in individuals with the lowest
childhood school grades. These findings indicate that baseline cognitive abilities
have a long-term effect on the risk of dementia; this risk can be somewhat mod-
ulated by subsequent stimulating work environments, although initial abilities
appear more decisive for the late-life risk of dementia.

5.6 Life-Course Model of Reserve

An earlier discussion has indicated that factors influencing the development of
reserve are located at various stages of individual’s life-course. In the case of
dementia risk in old age, pre-morbid cognitive ability is of outmost importance,
since it modifies the clinical expression of pathology (Richards and Deary 2005).
The fundamentals of pre-morbid cognitive abilities are the current elements of brain
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structure (brain reserve) and function (cognitive reserve), with the former empha-
sizing inputs based on structural neural network complexity, while the latter tar-
geting the functional processing efficiency and flexibility. Ultimately, both
structural and functional inputs are in turn influenced by a variety of factors orig-
inating as early as childhood, if not before, considering a wealth of literature of
genetic (Deary et al. 2004) and early-environmental influences on adult functioning
(Dekhtyar et al. 2015b). We have identified childhood cognitive ability, education,
occupational complexity, and late-life leisure activity here as some of the most
pertinent inputs into the model of reserve over the life-course, but other influencing
factors clearly contribute, including health behaviours, socioeconomic environment,
and lifestyles (Richards and Deary 2005). Therefore, although most of neu-
ropathology most likely applies to the older ages, the factors allowing the toleration
of this pathology occur throughout the entire life-course.

In conclusion, based on the evidence presented in this chapter, it is becoming
increasingly clear that the development of reserve that can mitigate the impact of
pathology on the clinical expression of disease occurs at various stages throughout
the life-course. Baseline cognitive abilities lay the foundation of reserve formation,
which is subsequently enhanced by intellectual stimulation provided by educational
attainment. By exerting continued demands on the brain, occupational tasks pre-
serve this acquired buffer, much the same way as late-life social engagement and
rewarding leisure activities. Ultimately, cognitive reserve can be conceived as a
sum of its mental, physical, and lifestyle inputs over the entire life course, and the
brain’s ability to withstand the changes associated with ageing will to a large extent
reflect the gradual accumulation of these inputs.
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