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Abstract

In this chapter, we explore how cognitive reserve is implicated in coping with 
the negative consequences of brain pathology and age-related cognitive decline. 
Individual differences in cognitive performance are based on different brain mecha-
nisms (neural reserve and neural compensation), and reflect, among others, the 
effect of education, occupational attainment, leisure activities, and social involve-
ment. These cognitive reserve proxies have been extensively associated with efficient 
executive functioning. We discuss and focus particularly on the compensation 
mechanisms related to the frontal lobe and its protective role, in maintaining cogni-
tive performance in old age or even mitigating the clinical expression of dementia.

Keywords: cognitive reserve, executive functions, aging, cognitive decline, dementia

1. Introduction

The impact of brain aging on cognition is far from uniform, ranging from perfect 
fitness to cognitive impairment. The prevalence of dementia is estimated to increase 
from 57.4 million in 2019 to 152.8 million in 2050 [1], thus representing a major 
public health problem. Still, evidence shows that more than one-third of all cases of 
dementia could be prevented or modified by changes in lifestyle, correction of risk 
factors, and specific therapeutic interventions [2–5]. In fact, despite the absence of 
pharmacological treatment for degenerative diseases, such as Alzheimer’s disease 
(AD), it is known that vascular risk factors increase the likelihood of cognitive 
decline. Simple measures, the control of hypertension, for instance, may revert 
cognitive impairment and reduce conversion to dementia [6]. Likewise, healthy 
lifestyle patterns, physical exercise, and intellectual and social enrichment may 
improve performance and change the biomarker trajectories of individuals classified 
as cognitively impaired [7–9].
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Promoting the presence of protective factors throughout life may help to cope with 
the negative consequences of pathology through resilience or resistance mechanisms. 
The term “resistance” refers to the notion of avoiding pathology (i.e., being free from 
significant AD pathology) in the sense that it is inferred from an observed absence 
or lower level of dementia-associated brain injury, relative to an expected greater 
frequency or severity based on age, genetic factors, or other individual characteristics. 
On the other hand, “resilience” is mostly used in the sense of coping with pathology 
(i.e., remaining cognitively intact despite significant AD pathology) and is inferred 
from the observation of a higher than expected cognitive functioning related to the 
level of brain injury [10, 11]. While the first is linked to an absence or delay of brain 
changes (“brain maintenance”), the latter is closely associated with the concept of the 
reserve, which can be measured or inferred either as brain structural and/or physi-
ological premorbid capacity [11, 12].

The construct of reserve firstly emerged to describe patients with extensive 
destruction of nervous tissue following brain damage but not the expected level of 
functional changes [13]. It was then proposed that larger brains, with greater weight 
and a larger number of neurons, could have protective effects on the cognitive decline 
due to a higher “brain reserve” capacity [14]. Years later, Stern [15] defined the 
concept of Cognitive Reserve (CR) as the brain’s ability to optimize and maximize 
performance through the differential recruitment of brain networks or the use of 
alternative cognitive strategies to cope with brain dysfunction. Stern’s proposal claims 
that the mechanisms underlying CR are active processes by which the brain tries to 
compensate for the neural loss. These processes can be influenced by the interac-
tion between innate factors (e.g., in utero or genetically determined) and, mainly, 
lifelong experience (e.g., intelligence, education, occupation, physical exercise, 
leisure activities, or social involvement). In contrast, the passive models propose that 
response to neural damage is related to brain size or the number of synapses (brain 
reserve), which can affect the threshold for clinical expression [16]. Brain reserve and 
CR are not mutually exclusive in the sense that brain reserve does not protect against 
the accumulation of pathology, but it does protect against its negative effects [17]. 
Instead, they influence each other—life experiences and the involvement in stimulat-
ing cognitive activities can modify brain anatomy (i.e., neurogenesis, angiogenesis, 
and resistance to apoptosis) and positively regulate compounds that promote neural 
plasticity [18].

The concept of CR has progressively evolved in such a way that it is now central 
in the literature on normal and pathological aging, notwithstanding the theoretical 
pitfalls and methodological controversies generated by years of studies and reserve-
associated concepts. The most striking challenges are the absence of an operational 
definition of CR and the lack of clarification of its neural bases, the relationship 
between the brain and CR, and which factors affect brain reserve [19]. Making an 
effort to overcome these difficulties, a consensus report tried to clarify CR terminol-
ogy [17] by claiming “resilience” as an umbrella concept that describes the process 
of coping with age- and disease-related changes, which includes multiple reserve 
related-concepts, such as brain reserve, brain maintenance, and CR.

Normal aging is characterized by several brain changes at the morphometric and 
functional level, and associated neuropsychological changes, that are particularly 
relevant in the frontal lobes on which Executive Functions (EF) heavily depend upon 
[20]. Among other areas of cognition, EF play a critical role in everyday life, allowing 
individuals to plan ahead, focus attention, and switch between tasks, hence main-
taining effective levels of independent functioning. Variable EF trajectories include 
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development into early adulthood and decline into older age, associated with struc-
tural and functional changes in the prefrontal cortex [21]. Despite this age-related 
decline, EF also assumes an important role in maintaining global cognitive efficiency 
in the late period of life, thanks to a higher CR [22].

There is considerable interest in understanding the processes underlying cognitive 
decline (and whether they result from specific or general impairments that reflect 
different patterns and different pathological processes) but also in how the brain 
actively copes with these deleterious effects on EF so functional independence can 
be maintained. Next in this chapter, we will review evidence that focuses on certain 
socio-behavioral CR proxies (e.g., education, occupational complexity, leisure activi-
ties, and social involvement), how they may help to cope with age-related changes 
and brain pathology, and how they relate with EF. Further, differences between 
“active” versus “passive” models of reserve and the underlying CR mechanism 
(“neural reserve” vs. “neural compensation”) are described.

2.  Socio-behavioral proxies in the prevention of cognitive decline  
and dementia

One of the major limitations of the CR construct is that it can hardly be measured 
directly. Three methods are usually used to quantify and measure it—(a) socio-
behavioral indicators, (b) residual approach, and (c) functional neuroimaging studies 
[17]. Hence, studies should include not only measures of the status of the brain 
(reflecting brain alteration or pathology), but also clinical or cognitive performance 
(consequences of brain damage), and socio-behavioral indicators (e.g., an index of 
life-long experience/premorbid capacity) when assessing the role of CR. The goal is 
to be able to predict an individual’s cognitive performance through the interaction 
between the proposed CR factors and the state of the brain/pathology.

Several studies have shown that CR proxies may decrease the rate of conversion to 
dementia in subjects with identical degrees of the pathological burden of AD [23, 24], 
and even have a protective role against the cognitive impairment associated with brain 
white-matter changes (WMC) or higher ventricular volume [25, 26] delaying the 
onset of clinical deficits [27]. Understanding the role of these proxies on the predic-
tion of cognitive trajectories serves a two-fold objective, either it is disease prevention 
or disease diagnosis.

Different CR proxies have been identified [28], but recent systematic reviews indi-
cate that education, occupational attainment, leisure activities, and social involve-
ment are the most common indicators [29–31].

The number of years of formal education is the most consistently used across 
studies. A protective effect of education for age-associated cognitive decline appears 
to result in higher levels of CR [30, 32]. This is supported by strong positive associa-
tions between the number of years of formal education and crystallized measures 
(e.g., vocabulary) and EF, explaining, in the latter case, even more variance than 
age itself [33–35], compared with fluid abilities, such as processing speed, memory, 
or visuospatial abilities [34, 36, 37]. Robust scientific evidence also supports that 
lower-educated individuals are more likely to suffer from dementia in a wide range 
of settings [38]. For example, Contador et al. [39] found that living in a rural area 
(early and mid-life stages) increased the likelihood of dementia, with the risk being 
particularly high in people with low education. However, the effect of education on 
age-related cognitive changes remains controversial [40]. Kremen et al. [41] sought 
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to demonstrate that the impact of CR factors is primarily downstream of intellectual 
capacity. These researchers concluded that brain development is substantial during 
childhood and adolescence and that further education from the age of 20 years would 
contribute much less to brain development. Moreover, it should be considered that the 
quality of the educational experience is not the same for all individuals, which may 
influence its potential impact as a CR proxy.

The protective effect of education not only mediates the transition between 
normal and pathological aging but also between stages of cognitive impairment. 
Based on the hypothesis that less automatized cognitive domains (or those that 
did not achieve proper consolidation throughout life) may deteriorate sooner than 
more consolidated ones, a recent retrospective study aimed to investigate whether 
education modifies the profile of cognitive/executive performance (i.e., sustained 
and divided attention, inhibitory control, working memory, verbal, motor and 
graphomotor fluency, planning, abstract reasoning, and episodic memory) in Mild 
Cognitive Impairment (MCI). It was found that despite a similar pattern of cognitive 
decline in both higher and lower education groups, patients with higher education 
revealed a trend toward a higher proportion of abnormal performances (≤ −1.5 
standard deviation on age- and education-adjusted normative scores) and a steeper 
decline in measures of sustained attention and episodic memory [42]. These findings 
suggest that patients with higher levels of education have a higher CR because they 
show a more pronounced decline in executive control that does not reflect differences 
in clinical disease staging [35, 43, 44]. On the opposite extreme of educational level, 
elderly illiterate subjects may be more vulnerable to cognitive decline and dementia, 
due to the lack of the protective effect of education [45–49].

It is worth noting that, although education is usually measured by the number of 
years of formal education, there may be other indicators that better capture its true 
impact. In a recent prospective longitudinal cohort study on aging and cognition, which 
recruited and followed 275 healthy community subjects seen in primary care settings, 
with 50 years or older, over a 5-year period, investigators found that being male, older, 
and with a lower age- and education-adjusted z-scores on divided attention/mental 
flexibility measures were significant independent predictors of cognitive impairment 
5 years later. Moreover, vocabulary emerged as a stronger predictor of cognitive stability 
or decline than education, independently of their correlation [50]. This highlights the 
relevance of this measure by reflecting more accurately the degree of cognitive stimu-
lation and intellectual enrichment that may account for subtle differences between 
subjects at the same educational level, particularly relevant in overall low-literacy 
populations.

Occupational and leisure activities may also have markedly significant protec-
tive effects on cognitive decline and dementia, especially for individuals whose jobs 
involve social interaction [51]. In fact, it is known that engagement in mentally stimu-
lating activities throughout life may promote neural connectivity [52]. With respect 
to occupational activity, cognitively demanding work conditions are associated with 
a decreased risk of cognitive decline in older adults [53]. Middle-aged people at risk 
for AD (decreased hippocampal volume and increased brain atrophy) with greater 
occupational complexity (e.g., involving complex social interactions) maintained a 
similar level of cognitive performance as those with less pathology [51, 54]. However, 
since higher levels of education are usually associated with jobs that are more cogni-
tively demanding, whether or not the protective effect of education is independent of 
the levels of work complexity in middle age remains controversial [55, 56]. Moreover, 
a synergistic effect of low education and occupation on the risk of developing AD 
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was described by Stern et al. [57], particularly when it is combined with cognitively 
demanding work activity in adulthood [55, 57]. For instance, some studies indicate 
that level of literacy is a more accurate measure of CR than years of education [58], 
especially in those individuals from disadvantaged groups or with null/low educa-
tional attainment [39, 59]. Regarding involvement in leisure activities, it has also been 
associated with a reduced risk of AD [60, 61] and protective effects against cognitive 
decline [62, 63].

There seems to be evidence that lifestyle and the environment effectively 
regulate cognitive aging and that this regulation may be particularly relevant in the 
hippocampal-mediated memory functions in mammals. Although the causal nature 
of this relationship has not yet been established [64], studies in animal models 
seem to indicate that it may exist, but more clinical studies are needed to specifi-
cally understand how social involvement and integration can be used to prevent 
cognitive decline. Additionally, the mechanisms underlying this relationship seem 
to indicate a relevant role for growth factors, neuroinflammation, and neurogenesis 
processes. In this context, physical activity, for instance, has been identified as 
inducing neurogenesis due to its benefits on structural and functional plasticity in 
hippocampus-dependent learning and memory tasks. Accordingly, maintaining 
an active social life at older ages can improve CR and benefit cognitive function. 
This is especially relevant since some aspects, such as education or occupational 
complexity, developed at a young age and middle age cannot be modified. Social 
activity can contribute to an increased reserve even in a more advanced stage of 
life, with gains in cognitive performance. In fact, living alone was significantly 
associated with an increase in cognitive complaints and a significant predictor of 
future cognitive decline in specific linguistic/executive measures, such as verbal 
fluency over a 5-year follow-up [33, 65, 66]. Social interactions can be viewed as 
natural forms of cognitive stimulation and may play a relevant part in the stimula-
tion of language skills, whereas living alone would represent a relative cognitive 
deprivation situation, with reduced cognitive stimulation and lower CR [67, 68]. 
Interventions that reduce social isolation at a more advanced stage can benefit 
cognitive function both directly and indirectly by building reserve, especially in 
individuals with low CR in middle age. This aspect has important implications 
for interventions suggesting that combating social isolation can contribute to a 
healthier cognition [69].

3. Compensatory mechanisms of CR and EF

Traditionally, late-mature regions, such as the frontal lobes, are considered espe-
cially vulnerable to normal age changes, inspiring theories of cognitive aging, such 
as the “last in, first-out” or “retrogenesis” hypothesis. This hypothesis considers an 
anteroposterior gradient of age vulnerability, which explains the decline in EF often 
observed in healthy older adults [70].

Executive functions, such as processing speed, working memory, inhibitory con-
trol, top–down suppression, or shifting ability, are shaped by education and by other 
CR proxies. A decline in executive performance has been shown to be associated with 
low performance in activities of daily living and to predict conversion from MCI to 
dementia [71, 72]. Moreover, EF are known to be sensitive to damage in other parts of 
the brain, such as subcortical white matter changes [34], thalamic nuclei, the limbic 
system, and basal ganglia [73] apart from prefrontal lobe damage.
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The perspective that age-related cognitive decline emerges when a person is no 
longer able to compensate for the reduced functioning of the primary brain structures 
and circuits, is largely supported in the literature. Relevant conceptual models have 
emerged over the last 20 years, aiming to describe and understand brain reorga-
nization in response to age-related changes and brain injury. Older adults may use 
alternative networks to aim for the same level of functioning as younger individuals, 
which can represent a mechanism of neural compensation [74, 75]. The “Scaffolding 
Theory of Aging and Cognition” (STAC) model proposed by Park and Reuter-Lorenz 
[76] claims the recruitment of additional circuits as a way to strengthen the declining 
structures whose functioning has become inefficient. These strategies lose efficiency 
in the aged brain and are eventually no longer accessible when there is cerebral 
pathology, as in the case of AD. The “normalcy-pathology homology” phenomenon 
suggests that there are regions more vulnerable to age-related changes and that this 
age vulnerability renders them more susceptible to additional pathological AD-related 
changes. This is particularly clear in frontotemporal regions where the elderly, even 
with a low risk of AD, present prominent cortical reductions [70].

The Cognitive Reserve framework suggests that individual differences in cogni-
tive performance are based on more efficient recruitment of brain networks (neural 
reserve) or the enhanced ability to recruit alternate (compensation) brain networks 
[15, 77]. Regarding neural reserve, it is postulated that inter-individual variability 
related to the efficiency, capacity, or flexibility of the brain networks will influence 
how the healthy brain can deal with the demands imposed by the emergence of brain 
injuries or pathologies. The neural reserve allows healthy young individuals with 
greater CR to solve tasks more efficiently and more capably and, in turn, may better 
confront the disruptions imposed by brain pathology due to the increased flexibility of 
brain networks. Neural compensation concerns task-related activation, a mechanism 
that only appears when new resources are needed to maintain or improve performance 
due to changes in the brain structure. Hence, neural compensation is a mechanism 
usually referring to people who have brain pathology [15, 77]. The degree of com-
pensation can also vary in individuals in terms of expression and effectiveness. In 
fact, neural compensation refers to inter-individual variability to compensate for the 
disruption of standard processing networks. In this situation, brain structures or net-
works that are not normally used by individuals with intact brains become activated. 
Both neural reserve and neural compensation support CR, with compensation being 
the most common mechanism in more advanced stages of the aging spectrum [78].

As previously stated, individuals with higher CR can maintain a more efficient and 
capable network or compensate advantageously in the face of a comparable amount 
of brain pathology [79]. Accordingly, Scarmeas et al. [80], using a set of memory 
tasks, identified brain regions where systematic relationships between CR and brain 
activation differed as a function of aging. Thus, when facing certain tasks, young 
and older people activate similar brain regions but as the difficulty of the memory 
task increased the magnitude of activation was often higher in older individuals, 
suggesting more efforts to achieve a comparable level of performance, which can 
be related to network efficiency. In addition, the older adults recruited additional 
regions of the brain not used by young people while performing certain memory 
tasks, which can represent a form of active neural compensation [80]. A similar 
pattern of compensation was also found when comparing old adults schooled later 
in life with old adults schooled at the proper age, in a memory recognition task using 
Magnetoencephalography (MEG), and the first ones displayed additional activations 
to keep the level of performance [81].
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In the last few decades, scientific studies have tried to capture the “neural imple-
mentation” of CR through functional neuroimaging [78]. This approach seeks to 
identify resting state or task-related functional activation brain networks that may 
underlie CR. Potentially, the expression of these networks may be associated with 
the influence of CR proxies, moderating the effect of brain changes on cognition. If 
these networks were identified through functional neuroimaging research methods 
(not properly used in clinical practice), their degree of manifestation would be a 
more direct measure of CR than other types of proxies [17]. Tucker and Stern [37] 
suggested that there may be at least one “generic CR network” that can be activated 
during the performance of many tasks, explaining how CR protects against brain 
pathology, which seems to be a promising line of future investigation [17].

A recent systematic review indicates that a resting-state network, implicating 
medial temporal regions and cingulate cortex (anterior or posterior), is associated 
with neural reserve, whereas frontal regions and the dorsal attentional network 
(DAN), activated during the cognitive engagement, are related to neural compensa-
tion [78]. Task-related studies have found a positive correlation between CR proxies 
(mostly premorbid IQ and education) and higher frontal activity in healthy older 
adults compared to young adults [82–85]. Moreover, a positive association between 
CR (i.e., education-occupation attainment, premorbid IQ , and leisure activities) and 
frontal activity in MCI and AD patients compared to healthy older adults has been 
found [86, 87].

The mechanisms on which the function and resilience of large-scale brain net-
works are based are still poorly understood. Early lifespan environmental influences 
can contribute to understanding phenomena such as reserve, as, at least partially, to 
determine the variance of the underlying structural network. This may have implica-
tions for global and regional network controllability. A dynamic network theory can 
be crucial for advancing the understanding of the resilience of the human brain, 
reinforcing the need for a spatiotemporal analysis in complex systems [88]. In fact, 
the human capacity to perform a variety of tasks seems to be associated with cognitive 
control networks, specifically the frontoparietal control network (FPN) in the left 
posterior parietal cortex. The adaptability of this network, whose global connectivity 
pattern seems to change more than other networks, and the connectivity patterns that 
can be used to identify task performance, point to the importance of this network 
in cognitive control and task performance. It seems to be possible through “flexible 
hubs,” that is, regions that quickly update their connectivity pattern according to task 
demands [89].

This greater variability in FPN connectivity, both between networks and between 
tasks, supports the notion that this network implements core flexible hubs, allowing 
cognitive control across various and distinct tasks [89]. This is especially relevant for 
this chapter’s purpose as the existence of this control network appears to be crucial for 
reserve. Specifically, one of its hubs, the left frontal cortex (LFC, covering BA 6/44) 
[90, 91], is a likely candidate for the neural implementation of CR. The resting-state 
connectivity of that LFC hub region had previously been associated with protective 
factors such as high IQ and high cognitive performance. Concretely, it had already 
been demonstrated that the lateral prefrontal cortex (LPFC) is a hub region with an 
especially high global connectivity but, more than that, it has been shown that this 
global connectivity could predict the fluid intelligence of individuals, appearing to be 
a global hub connector [92]. This level of the organization thus appears to be espe-
cially relevant for understanding the brain and CR that involve distributed circuits 
and complex psychological constructs.



Neurophysiology - Networks, Plasticity, Pathophysiology and Behavior

8

Global connectivity of the LFC hub (close to the Broca area), in resting-state 
fMRI, is associated with more years of education (CR proxy) and with milder effects 
of FDG-PET hypometabolism on memory performance in prodromal AD [91]. This 
can be important for instance in the selection of participants for intervention trials 
since MCI patients with higher CR seem to have a higher likelihood to benefit from a 
cognitive intervention [93].

Increased frontoparietal activation may reflect a compensatory mechanism, help-
ing to protect memory task performance in early-stage AD. Additionally, increased 
global connectivity of LFC can support frontoparietal increased activation and that 
is associated with CR, moderating the association between AD neuropathology and 
cognitive decline, and helping to maintain better memory performance [90]. In a 
task-related fMRI study, the authors tried to understand if LFC hub connectivity 
during an episodic memory task was associated with a reserve in aging and MCI. 
More years of education were associated with increased LFC connectivity during 
memory processing, and increased LFC connectivity was associated with a higher 
reserve in the memory domain. This result pattern was found in controls and MCI 
groups, which was interpreted as suggestive that connectivity of a key hub of the 
frontoparietal control network contributes to reserve in both normal and pathological 
aging. This conclusion reinforces that LFC is a good candidate for the neural basis of 
reserve and that a higher LFC connectivity may be a long-lasting trait that is influ-
enced by environmental stimuli, namely education [91]. In fact, CR, being the result 
of multiple and distinct stimulations, involves connectivity between different tasks 
and domains. Consistently with this, the LFC (BA 6/44) ranks among the top 5% of 
brain regions in terms of number of connections in the brain, being high and glob-
ally connected to the rest of the brain and is a key connector hub between different 
functional networks [91]. Taken together the results seem to point out that the cogni-
tive control network, particularly LFC, works as a hub of the frontoparietal control 
network, which is associated with greater reserve. Later work showed that education 
is associated with better performance on memory tasks thanks to greater efficiency 
of functional networks, clearly demonstrating the effects of education on DMN/DAN 
small-worldness, mediated via LFC connectivity, and reinforcing its role as a neural 
basis of the reserve [94].

Moreover, evidence also shows that education facilitates the brain’s ability to 
form segregated functional groups of networks, with stronger signals in parietal 
and occipital regions [95]. This fact reinforces the perspective that more years of 
schooling trigger a more specialized use of neural processing. However, CR (residual 
variance in memory and general executive functioning) was also associated with 
higher global network efficiency (i.e., functional integration). In this sense, this study 
corroborates that CR is associated both with increased functional connectivity and 
better organization of the network topology.

The protective role of higher global functional connectivity in the FPN and higher 
local connectivity between the salience network (anterior cingulate cortex) and 
medial frontal cortex can significantly mitigate the impact of white matter lesions on 
EF [96], emphasizing the role of the cognitive control network as a neural substrate 
for CR. As pointed out by the authors, both the salience and the FPN are important 
cognitive control networks, that are crucial for appropriate brain functioning, with 
the FPN flexibly regulating the activity of other networks and the salience network 
integrating inputs from different sources. Their results reinforce the notion that cog-
nitive control networks may play a role in brain resilience mechanisms with increased 
connectivity being linked to better cognition.
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Overall, these findings suggest that greater activity of frontal regions, namely 
via LFC connectivity, is a potential component of functional networks underlying 
neural compensation. Conversely, MTL regions, which are known to be critical for the 
conversion from MCI to AD, may reflect the capacity of the neural reserve [97, 98].

4. Conclusions

The understanding of the mechanisms involved with successful aging is far from 
straightforward and the growing number of publications in this field shows the 
interest of the scientific community to understand the importance of complex related 
concepts in its promotion. In this chapter, we focused on several socio-behavioral CR 
proxies identified as protective factors against cognitive decline and dementia and 
how they impact EF by means of neural compensation mechanisms related to the 
increased functional activity of the frontal lobe.

The relationship between CR proxies and the maintenance of cognitive efficiency 
in the context of age-related changes/brain pathology is dynamic. Not only do the 
skills, social involvement, and occupational attainment developed throughout life 
have a mediating role in improving neural connections (i.e., in terms of activation, 
flexibility, and efficiency), but also this enhancement of brain connectivity patterns 
expresses itself in better cognitive performance. Despite its vulnerability to the effects 
of senescence, the frontal lobes play a key role in CR allowing for the preservation of 
the overall cognitive function by means of enrichment of EF (e.g., planning, sequenc-
ing, inhibitory control, abstract reasoning) via a higher CR. Indeed, people with high 
CR show an advantage in the use of these more developed EF, thus increasing frontal 
lobe activity. The use of alternative task-relevant circuits compensates for effective-
ness (e.g., MTL, especially relevant for memory and selectively affected in AD) thus 
mitigating the clinical expression of dementia. In this compensation mechanism, 
DAN and FPN networks are particularly relevant, with a sub-region in the LFC being 
identified as a potential candidate for a neural marker of CR.

Several caveats still, however, need to be fully addressed. First and foremost, it is 
unclear how CR proxies may specifically influence different aetiologies of dementia 
and modulate different cognitive trajectories. Second, EF cannot have a double role 
as an age−/pathology-dependent measure and as a factor that changes the relation-
ship. As a consequence, all EF may not be appropriate measures for CR, since it is 
not stable throughout life and is vulnerable to age-related changes. Thus, accord-
ing to the gain/loss hypothesis, one should carefully select aspects of EF that are 
robust and resistant to aging, in order to include them as components of CR. Stern 
et al. [99] considered that this approach should be better explored in the future, 
despite currently presenting some limitations that are difficult to overcome. From 
the outset, the fact that the brain measures used to predict cognition only partially 
capture brain pathology or physiology and different lifestyles cannot be explained 
by known brain predictors can lead to a high risk of including many aspects that are 
not reserved. Third, the differential impact of CR depending on the demographic 
characteristics of the population or discrepancies in measuring CR measures or 
outcomes (i.e., cognitive or functional) needs to be addressed as well. In fact, precise 
operational definitions of CR and other related theoretical constructs are needed. 
Advances in multimodal imaging, preferably longitudinal studies, will allow a better 
understanding of the neural mechanisms underlying CR. Future work should focus 
on the design of studies that will help to clarify the relationship between CR proxies 
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and brain reserve, as well as improve their measurement. These studies will make it 
possible to improve and integrate the existing conceptual models of the moderation 
of CR in cognitive performance. Further, it is expected that the contribution of these 
investigations could lead to objective guidelines and strategies for the development 
of differentiated, validated, and accessible intervention programs aimed to provide 
more functionality and better quality of life in older adults [17].

If the existence of a compensatory capacity in individuals with a high CR seems 
to be clear, it is consensual that it is still not entirely clear what reserve consists 
of in neural terms. Potential candidates have been proposed but the discovery of 
this neural basis is particularly relevant as, in addition to traditional cognitive and 
psychosocial stimulation techniques, it could also open doors to more direct brain 
stimulation allowing the use of a whole arsenal of new non-invasive brain stimulation 
technologies which is predicted to have increasing importance in intervention.
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