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Abstract

Comforts in modern society have generally been associated with longer survival rates, enabling
individuals to reach advanced age as never before in history. With the increase in longevity,
however, the incidence of neurodegenerative diseases, especially Alzheimer’s disease, has also
doubled. Nevertheless, most of the observed variance, in terms of time of clinical diagnosis

and progression, often remains striking. Only recently, differences in the social, educational

and occupational background of the individual, as proxies of cognitive reserve (CR), have been
hypothesized to play a role in accounting for such discrepancies. CR is a well-established concept
in literature; lots of studies have been conducted in trying to better understand its underlying
neural substrates and associated biomarkers, resulting in an incredible amount of data being
produced. Here, we aimed to summarize recent relevant published work addressing the issue,
gathering evidence for the existence of a common path across research efforts that might ease
future investigations by providing a general perspective on the actual state of the arts. An
innovative model is hereby proposed, addressing the role of CR across structural and functional
evidences, as well as the potential implementation of non-invasive brain stimulation techniques in
the causal validation of such theoretical frame.
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INTRODUCTION

Alzheimer’s disease (AD) is currently recognized as the most common type of
neurodegenerative pathology, affecting nearly 5.5 million individuals in the United States
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alone, with a rate of one new diagnosis being made every 66 seconds [1]. AD is associated
with a variety of cognitive symptoms, ranging from memory, language, and problem-solving
impediments that ultimately affect the independence of the individual in everyday life,
representing a massive socioeconomic and healthcare challenge [1]. Overall, structural and
functional modifications are known to precede the cognitive impediments, with individuals
displaying high degrees of variability in terms of the delay in symptomatology onset [2,

3]. Such inter-individual differences have most recently been approached by reserve-based
models of resilience, which can be broadly divided into passive and active models of
reserve. Within the former, the concept of reserve is seen more in terms of a physical
threshold [4]—embracing the notion of a Brain Reserve (BR) [5, 6]—based on which the
extent of the underlying neurological substrate may determine a favorable or unfavorable
role depending on the number of neurons and brain size (e.g., the more solid the underlying
physical substrate, the more resilient the brain will be in the face of damage). However,

this earlier passive approach has been challenged by a more modern perspective—that of
the Cognitive Reserve (CR) [7]—according to which, the involvement of the individual in
various cognitive stimulating activities during life, plays a crucial role when it comes to
determine the effectiveness in recruiting additional areas or in implementing compensatory
strategies, behaving more flexibly and dynamically than a passive threshold. Both models,
BR and CR, cannot be considered mutually exclusive and rather they have been suggested
to operate at two different “levels of analysis”, in which the former looks at the quantity

of available substrates (i.e., a more “static” perspective), whereas the latter focuses on

their quality and at a more “dynamic” possibility for adaptation [8]. Furthermore, the

neural implementation of CR can be broken down in terms of both neural reserve and
neural compensation [9, 10], which operate by aiding better performances in everyday task
when faced with increased task requirements or major brain insults, either by relaying on
inter-individual differences in the strength of the underlying brain functional and structural
networks or through a more efficient recruitment of alternative structures respectively [8].
Several different indexes have been used in the past as proxies of CR, especially in terms of
education, leisure activities, active lifestyle, occupation, social engagement, and ultimately
premorbid 1Q [11, 12]. Within the aging population, the role of CR becomes even more
important when considered in the clinical frame, given that several studies have reported CR
as involved in exerting a protective role in the face of neurodegenerative pathologies [13—
15], delaying their clinical worsening [3, 16], and in ensuring better cognitive performances
[17]. However, once clinically reaching the time of AD diagnosis, individuals with higher
CR have also been reported to progress faster within the disease [18-23] and to benefit less
from interventional therapies [24, 25]. On the other hand, within the healthy population, CR
has been generally associated with longer rates of survival [11] and an overall better quality
of life [26]. Given the existence of such wide spectra on the role of CR in the aging process,
most of the research interest has been directed toward analyzing the possible structural and
functional differences that characterize both the normal and pathological processes of aging
and how they may differentiate in individuals with high or low CR.

Here, we aim to summarize recent early literature addressing this issue, with a major focus
on how the documented structural and functional changes in the brain associated with
CR might come in useful terms when addressing biological markers of reserve. Moreover,
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given the identification of appropriate neural substrates, possible approaches for enhancing,
promoting, and assessing CR will be described within the framework of non-invasive brain
stimulation (NIBS). Over the last three decades, methods involving transcranial stimulation
of cortical brain regions have been promoted as a safe and reliable tool for causal validation
of theoretical models as well as for modulation of brain activity [27-29] with clinical

[30] and cognitive enhancement applications [31, 32]. A few studies have explored the
possibility of leveraging such technology to target regions and systems supposedly playing
arole in normal and pathological aging [33-37], but with no attempt focused on CR so far.
At last, we will review the literature on NIBS and CR, and discuss their potential future
integration to better monitor disease progression and possibly increase individual resilience
to neurodegeneration.

METHODS

Review of relevant published studies was carried out through online search in the CINAHL,
MEDLINE, Google Scholar, and PsychINFO databases. Considered the abundance of
material published focusing on the relationship between CR and AD, restriction criteria
was set such as that mainly the abstracts of published work in the last 10 years were
scrutinized, together with their associated relevant references. Papers ultimately considered
for the review were searched based on the combination of pertinent keywords including:
“Alzheimer Disease”, “aging”, “cognitive reserve”, “magnetic resonance imaging- MRI”,
“functional magnetic resonance imaging- fMRI”, “positron emission tomography- PET”,
“diffusion tensor imaging- DTI”, “electroencephalography- EEG”, “transcranial magnetic
stimulation- TMS”. Only published work in English was considered. A graphical
walkthrough of the literature search and of the model we hereby propose is presented in

Fig. 1.

THE ROLE OF COGNITIVE RESERVE ON STRUCTURAL CHANGES

Magnetic resonance imaging (MRI) studies of the aging brain have revealed the occurrence
of structural modifications in the form of decreased brain weight and volume, such as that
by the age of 90, the average loss of brain tissue reaches the 14% in the cerebral cortex

and up to the 35% in the hippocampus, with similar patterns in apolipoprotein (APOE)

e4 allele carriers and non-carriers [38]. When the association between proxies of reserve
and volumetric brain estimates was first analyzed, significant findings were reported in
literature proving both global cortical involvement as well as region-specific associations.
In the healthy population, increased CR was proven to boost the resilience of the individual
from developing into mild cognitive impairment (MCI) or dementia by ensuring greater
amount of white matter fibers among regions [39]; whereas, in a pathological sample,
measures of cortical thickness were found to help predict progression from MCI into AD
up to 24 months before former diagnosis [40]. Since that CR appears to act in ensuring
cognitive functioning even in the face of significant thinning—thus masking the effect

of the pathology by delaying its clinical manifestations, structural measures may be a

more sensitive index of disease progression, capable of detecting changes that otherwise
may not be observable on the basis of cognitive performances alone [40]. Indeed, there is
evidence that individuals with higher reserve maintain relatively normal and stable cognitive
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functioning even in the face of significant reductions in their brain structural properties,
mostly as a result of the compensatory increase in functional activation [41]. Congruently
with the previously mentioned measures of cortical thickness, the existence of a negative
correlation between CR and whole brain volume has been reported both in patients with
AD and MCI [41], but not in healthy controls, for which the opposite pattern was observed
—consistently with previous studies correlating measures of gray matter alone with 1Q [42,
43]—and further proving the role of CR in ensuring a protective role by delaying clinical
manifestations. Indeed, previous data in the literature have linked brain size as contributing
to measures of general intelligence [44], such as that when premorbid 1Q measures (e.g.,
tested through the administration of the American National Adult Reading Test) were
utilized as proxies of CR, inter-individual variability in the clinical population could be
independently related back to the association between premorbid 1Q and both structural (in
terms of increased atrophy) and functional (t-tau protein and amyloid-B(AB) depositions in
the cerebrospinal fluid (CSF)) changes, with the former showing the strongest correlation
[45]. Similar evidence of the role of CR as neuroprotective in healthy subjects and as
neurocompensatory in the pathological population has been reported in studies correlating
neuroimaging measures of cortical thickness and functional connectivity (diffusion tensor
imaging, DTI) with indexes of cognitive functioning proving that for the former, greater
cortical thickness in relevant regions, such as the frontal lobes, and decrease measures of
fractional anisotropy (FA), possibly representing a more efficient reorganization of fibers
[46], were associated with better neuropsychological performances, such as that the higher
the CR (assessed in terms of years of education), the stronger the observed correlations
[47, 48]. Using measures of cortical fractal structure, it has been further suggested that

the relationship between CR and cortical thickness may relay on the complexity of the
underlying layers rather than on their overall thickness [49], ensuring better cognitive
abilities and less decline with increased age, thus providing a substrate of CR.

Similar studies investigating the role of education have reported slightly different regions
showing the greatest variability in thickness among high and low CR individuals, focusing
mainly over the frontal, parietal, and temporal regions [41, 50-54]. On this regard, evidence
for a double dissociation comes from the notion that not only individuals with higher CR
show greater resilience over those same regions, but also that certain cognitive abilities

that are known to be implemented over those structures act by augmenting their resilience
to aging. One of the greatest example is that of language; bilingual individuals have

been reported to show increased grey and white matter over frontal and temporal regions
compared to monolinguals [55].

Nevertheless, studies considering different proxies of reserve have revealed the involvement
of different brain regions when comparing high versus low CR individuals. For instance,
studies focusing on the association between cortical thickness and years of education have
mostly reported greater regional thickness within the frontal lobes as a function of reserve
(see [48] for example), which has been further restricted to the left anterior cingulate cortex
and left dorsomedial prefrontal cortex when considering individuals with extremely low
education (<4 years) [56]. On the other hand, when occupation, socioeconomic status, and
engagement in physical activities are considered as proxies, measures of reserve tended to
be skewed toward temporal regions [57-60]. It must be noted, however, that some of these
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studies specifically looked at the effects of CR in the hippocampal formation only—based
on its known involvement in the neurodegenerative process—and it is therefore not possible
to exclude that other regions might have shown changes as well, which were, however,

not reported. Indeed, large cohort investigations have revealed less clear-cut differences

in the association between proxies of reserve and regional cerebral changes, such as that
education was observed to significantly correlate with both frontal and parieto-temporal
regions, whereas no meaningful association was observed for either occupation or leisure
activities [61]. Future investigations are needed to clarify whether if different proxies of CR
entail equally different anatomical correlates.

All the aforementioned studies and previous investigations [62—65] have further contributed
in consolidating the role of volumetric measures of both white and gray matter as
fundamental in determining the existence of an underlying protective substrate as a function
of proxies of CR. However, a small number of investigations have also reported no

clear correlation between proxies like occupation and education with global volumetric
measures (i.e., brain size) in predicting cognitive functions in later age [66]. Rather,

these studies emphasized the association between general intelligence (factor ‘g’) and
specific cognitive domains with an uneven profile of brain structures [67]. This same
association was, however, no longer significant when the factor ‘g’ was removed from the
specific cognitive scores [67]. In another study, factors such as age, gender, education, and
white matter hyperintensities were assessed as possible predictors of cognitive functioning
among the elders [68], proving that when cognitive performance was broadly divided

into the components of memory, executive functions, and visuospatial skills, each of the
aforementioned proxies contributed with different extents, with education having the higher
predictive values for the latter two [68].

Despite structural measures being solid evidence in favor of more passive models of
reserve, their contribution cannot be completely excluded from active models as well,
especially if considering that the former may embrace a different level of analysis, yet
being inevitably strongly interconnected with the latter [8]. Overall, structural findings in
relation to the concept of reserve can be summarized as follow [51]: first of all, in the
healthy population, measures of CR have been associated with greater amount of volume
and cortical thickness, whereas the opposite (negative correlation) holds true in the case
of pathological aging [51, 69]. In line with the proposed distinction in terms of neural
reserve and neural compensation [10], the increased readiness of available connections
and nodes within the system can be assumed as posing a protective factor in the face

of major insults in terms of physical threshold [4], whereas the documented decrease in
those same measures within the pathological population proves the compensatory role of
CR in ensuring cognitive functioning even in the face of widespread atrophy (Fig. 2).
Importantly, modern theories recognize a continuous transition in the role of CR from
neuroprotective to neurocompensatory [70], such as that at the very first stages, CR may
act in ensuring preserved functioning for longer in time. Once symptom severity reaches a
threshold resulting in a formal diagnosis, CR may still act in modulating the link between
pathology and cognition, for example by means of a more efficient recruitment of functional
compensatory mechanisms (see next section).
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The concept of CR has been theorized in terms of a prediction error [71]—the difference
between the expected outcome of a patient based on the severity of the pathology and his
observable real aftereffects. Through this decomposition approach, CR was again found
to predict conversion rates from MCI to dementia, to influence the long-term decline and
to overall act in protecting against atrophy, thus mirroring what was already known at
the population level [71]. So far, only a single exception has been reported [40], wherein
thinner cortices in relation to high CR were reported in both the healthy subjects and the
pathological population alike.

The second major evidence within structural neuroimaging measures is based on the
observation of region-specific changes associated to the degree of CR, such as those
showing a limited effect of CR within the hippocampal areas but not elsewhere in the
brain [72]. The reported evidence that patients with lower CR showed greater hippocampal
volume has also been interpreted as evidence for the MCI individuals with low reserve
being less resistant to the pathology [73], thus showing cognitive malfunctioning much
earlier compared to the high CR, which can instead sustain greater hippocampal atrophy
before showing any effect at the behavioral level [74]. Factors such as socioeconomic
status in childhood have been proven to exert an effect over brain development, ultimately
influencing hippocampal volumes, that may remain detectable many years into adulthood,
thus perhaps providing a first starting point for lower CR [49]. Similarly, occupational
complexity in the adult population has been linked with reduced hippocampal volume and
an overall greater cerebral atrophy, even in the face of spared functioning among high CR
individuals [75]. Within the healthy adult population, measures of CR were also found

to be associated with decreased FA over the genu of the corpus callosum, a typical situ
undergoing changes within normal aging [76]; whereas amnestic MCI patients showed

an overall association with decreased white matter integrity and gray matter volumetric
measures in regions belonging to the default mode network (DMN), counterbalanced by an
increased functional activation [51]. Neural substrates of CR can therefore entail both global
and regional specificity depending upon the population being examined [51]. For instance,
the existence of an association between low CR and the entorhinal cortex volume has been
reported in predicting development into MCI of a set of cognitively intact individuals [77];
similarly, in MCI and AD patients, those with lower CR showed both decreased volume in
the hippocampal and entorhinal regions as well as decreased cognitive performance, whereas
high CR were able to compensate despite having the same volumetric impediments [78].
Other studies focusing on the use of DTI have replicated similar results showing regional
specificity dependent upon the population being examined, such as that the correlation
between CR and white matter integrity in those areas most affected by the age-related
decline was found to be even more negative in the healthy population compared to MCI or
AD patients [79]. Of the latter, all of those who progressed into AD were found to belong
to the high CR subgroup [79]. Taken together, this study validates three major concepts of
interest reported so far:

1 In the healthy population, higher CR is associated with a better tolerance for age-
related cortical changes and it acts in ensuring protection against pathological
aging. Corroborating data come from postmortem brain analyses, reporting
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individuals with high amounts of both Ap and neurofibrillary tangles who failed
to show overt behavioral changes during life [80];

2. CR can be assumed to exert both global and regional-specific effects in terms
of neural reserve and neural compensation. Those underlying substrates vary
depending on the pathology and interact with both gray and white matter such as
that, in the healthy controls, differences between individuals with high and low
CR can be observed along those regions that are generally most affected with
normal aging, whereas the same difference will be noticeable in the MCI/AD
patients mostly along those regions involved in the pathological degeneration;

3. Despite high CR acting in ensuring better cognitive performances in the face of
the same underlying degree of pathology, once diagnosed, those same patients
tend to progress faster and to benefit less from interventional therapies (as
evidenced by few studies comparing the cognitive benefits of AD patients with
high or low CR following extensive cognitive and motor trainings [24, 25]).

THE ROLE OF COGNITIVE RESERVE ON FUNCTIONAL CHANGES

One major distinction between active and passive models of reserve comes in terms of

the different mechanisms of action [7], such as that if passive models rely more on the
underlying extent of available substrates, active ones work by assuming the existence of
different recruitment capacities and activation patterns across individuals with different

life backgrounds. So far, the reported evidence on structural changes has largely focused
upon the role of volumetric properties of different brain regions during both normal and
pathological aging, which, however, poses more favorably toward BR theories. Despite so,
a considerably amount of investigations has also been carried out highlighting not only

the mere quantitative aspects, but also their internal complexity [49] and the degree of
connections among relevant structures [46]. Studies have looked at the relationship between
functional architecture of the brain, its intrinsic resilience toward lesions [81], and cognitive
profile, providing early quantitative markers of the brain’s resilience. Intriguingly, results
show a positive correlation between the brain’s resilience toward insults and higher 1Q,
suggesting that individuals with higher intelligence levels are able to afford more functional
lesions (i.e., loss of network nodes) before showing a significant decrease in their brain
efficiency levels [82]. More recent work has also found trace of a link between coping style
and specific networks’ activity, again suggesting that even psychological attitude in response
to stressors might have a functional fingerprint, possibly representing one additional factor
entailing a protective role from the development of mental distress, ensuring a better quality
of life and ultimately act as a secondary proxy of reserve [83]. Taken together, those findings
establish the importance of considering structural and functional approaches altogether, as
presumably they reflect two concurrent implementations of a rather similar measure.

In the past years, one large cohort study [84] has been conducted assessing brain
connectivity changes as a function of the interaction between age and 1Q which, despite not
directly assessed by the authors as a proxy of reserve, provides one of the few longitudinal
evidences for the protective role of the latter. Indeed, starting from an equal 1Q level

at the age of 11 years, members of the Aberdeen 1936 Cohort study were divided into

J Alzheimers Dis. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menardi et al.

Page 8

“maintainers” or “decliners” as a matter of their obtained cognitive scores at the age of
60-70 years and subsequently evaluated in their high-order cognitive abilities and patterns
of functional activity [84]. In line with the CR hypothesis, individuals entailing more
successful aging were observed to show functional MRI (fMRI) activation patterns closer
to the ones of healthy younger individuals, whereas reduced patterns were observed for the
subgroup of decliners [84]. Of importance, 1Q levels at age 11 were similar but not identical
across the volunteering subjects (SD = 0.55), but further distinguished apart as a function
of age (SD = 2.25 when 60-70 years old) [84] and perhaps life-experiences. Overall, the
possibility to examine changes in the effect of CR as a function of age, from an equal
starting point in the earliest years of life, further sustains the notion that the building up of
CR is a continuous process occurring as a function of time, rather than a fixed measure [8,
85].

Other studies focusing on the effect of age differences in relation to CR and brain activity
have made use of positron emission tomography (PET) scanning, revealing a subset of
regions—right inferior temporal gyrus, right postcentral gyrus, cingulate, and left cuneus—
where significant differences could be observed representing aging-related compensatory
mechanisms in highly functional individuals, such as that a stronger positive correlation was
observed in the young group over all regions except for the cuneus, where instead a stronger
positive slope was observed only among the eldery [86]. Age-related differences in terms of
networks recruitment have also been reported during a memory task [10], for which healthy
young individuals with higher measures of reserve showed an increased in the activity

over right hippocampus, posterior insula, thalamus, and the operculum bilaterally with a
concomitant decrease over the lingual gyrus, association cortex and inferior parietal lobe, the
cingulate and calcarine cortex relative to the increase in the task’s difficulty. By comparison,
the response of high CR elders consisted in a decrease in the recruitment over those

same regions proportional to their CR estimate, interpreted as an expression of functional
reorganization in trying to overcome natural decline in cognitive performances [10]. In
particular, frontal areas may be seen as the substrates that are more greatly involved in
aiding the compensatory mechanisms that underpin CR in successful aging [87], such as that
a greater recruitment of those regions could be observed during a memory task compared

to healthy young individuals, who showed the opposite pattern instead. Nevertheless, frontal
areas are not the only ones showing a direct involvement with compensatory mechanisms
and rather a much broader network has been reported, especially over regions were A

has been accumulated. As a function of education, MCI patients, but not AD, showed
greater florbetapir-PET and fluorodeoxiglucose (FDG)-PET uptake, meaning that the same
regions of the brain were characterized by both greater A depositions and increased
glucose metabolism, respectively [88]. Such findings have been interpreted as evidence of

a compensatory mechanisms counteracting disease pathology since the earliest stages (i.e.,
MCI) [88].

Overall, CR has therefore been observed to display opposite patterns in the healthy
population versus the pathological group [51, 89]: within the former, greater reserve
translates in a better and more efficient recruitment of cerebral regions resulting into

a negative correlation being observed among measures of reserve and brain activity, as
opposed to the positive association (greater reserve equals increased activity) indicative of a
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compensatory mechanism that can be appreciated within the clinical population. Few studies
have reported the presence of those inverted associations in different brain regions that
overall appear to broadly overlap with frontal, temporal, and parietal locations, over which
structural changes have also been reported to occur in the previous section, including: the
inferior frontal cortex [90], the superior temporal gyrus and superior parietal lobe [41], left
frontal areas, anterior and posterior cingulate cortex, angular gyrus, and overall in regions
belonging to the DMN [89, 91]. Indeed, dysfunctions within the DMN are present early in
the stages of pathological aging [92], for which CR has been reported to exert a modulatory
role over the deactivation of this network such as that in MCI/AD subjects, higher CR

is associated with reduced deactivation, independently from volumetric indexes of brain
atrophy, opposite to what was observed in the healthy individuals [89].

A positive correlation has also been observed between high education and the functional
connectivity over the posterior cingulate cortex (PCC) within the DMN at the population
level, but not in the healthy controls, reinforcing the assumption that the observed effect
mirrors the presence of compensatory mechanisms visible even during resting state fMRI
[93]. Further, PCC disconnection from the temporal lobe has been suggested as a crucial
step in the conversion from MCI into AD [93]. Interestingly, an inverted correlation has
also been observed between the PCC and precuneus metabolism with measures of reserve in
AD candidates carrying the apolipoprotein (APOE) e4 allele, suggesting that CR may act as
protective mechanism even in the face of genetic predispositions [94].

Further functional evidence has also been collected with the use of PET scanning, which

can be used not only to assess changes in the cerebral uptake of glucose but also of AR
levels as a function of both brain pathology and CR, such as that better performances over
cognitive measures have been noticed in individuals with higher degree of education in the
face of greater 11- labeled Pittsburgh Compound B (PiB) uptake [14]. The modulatory role
of CR over two specific regions in the brain of AD patients, the medial and inferior temporal
gyri, has been reported [95], such that a negative interaction was observed between high
levels of education, A markers in the CSF, and the extent of glucose uptake (assessed by
means of FDG-PET), whereas a positive association was present over the same regions in
individuals with less than 5 years of education, here used as a proxy of CR. Similarly, CR
was found to be significantly correlated with the extent of tau deposition, but not of AB, over
the inferior temporal lobe, meaning that better cognitive performances were observed in high
CR individuals, over low CR ones, at similar levels of pathology in both the healthy controls
as well as in the MCI and AD populations [96]. When looking at the detectable biomarkers
of AD within the CSF, a significant decrease over AP and tau alterations could be observed
as a function of education, resulting in a significant attenuation of the association between
age and AD biomarkers, proving a protective mechanism [97].

Furthermore, CR was also found to be modulatory of the known association between
increased amyloid deposition within the brain and the resulting poorer cognitive outcome,
such as that, instead, increased brain pathology was associated with less dramatically
reduced performances [98]. The existence of a meaningful correlation between proxies of
CR and brain regions part of the memory system, which are known to be early affected

in the AD course, has also been remarked [99], such as that a positive association was
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present between education and acetylcholinesterase (AChE), the hydrolyzing enzyme of

the neurotransmitter acetylcholine, important in memory and learning functions [100],
activity in the bilateral hippocampi and between occupation and AChE in the right posterior
cingulate gyrus, respectively. The notion that different proxies of CR may interact with
different regions of the brain does not come surprising, as it does reflect what observed
regarding the structural changes over the fronto-parietal and temporal regions when
considering education or socioeconomic status as indexes of CR [48]. However, differently
from what was previously discussed, few studies [99] have further claimed that, based on the
proved association between CR and changes occurring at the molecular level, it may seem
reasonable to suggest that the preserved or stimulated cholinergic activity may be one of the
main factors sustaining reserve.

Frontal connections have been proposed as the most likely underlying compensatory
mechanisms on the behalf of CR [87]. Hence, global connectivity measures of the left
frontal cortex to the rest of the brain have also been investigated, showing that for

higher measures of reserve, a stronger connectivity was present [101]. Within the same
study, greater hypometabolism over the precuneus in individuals with higher CR was

also observed, congruently with the studies mentioned above, but the association between
reduced metabolism and deterioration of memory performances was further modulated

by the increased connectivity over frontal areas, which is assumed to be the underlying
substrate of CR [101]. Connections from the basal forebrain and frontal regions may show
an association with CR at the very first stages of the pathology [102], i.e., within the

MCI population, such that greater metabolism was present over those regions in MCI
compared to the healthy or AD groups. Since that an inverted U shape correlation could be
observed between cognitive performances and brain metabolism over those same regions
in individuals with high CR, the authors suggested that early initial increase in brain
activity may prove the presence of compensatory mechanisms mediated by CR in the MCI
population [102]. The notion that CR may exert its biggest effect early within the disease,
possibly delaying clinical diagnosis, is well supported by the evidence that at one point, no
compensatory mechanism may be sufficient to overcome the neuropathology, especially at
the more advanced stages [103].

Large cohort studies of clinical and healthy populations have identified other variables that
may still play a role when considering CR. One such factor is gender; glucose metabolic
uptake over the temporal lobe has been observed to correlate with better verbal memory in
females with MCI, but not in the healthy control or in the AD sample, compared to men with
a similar degree of pathology, suggesting that the observed advantage in women may indeed
be a reflection of different life impact factors that ultimately shape CR [104]. However,

the same advantage was previously found to be inverted in a meta-analytic study [105], in
which males with AD, rather than females, were suggested as having better performances at
both verbal and visuo-spatial tasks. The authors interpreted this relationship as evidence not
only of gender-related difference within the pathology itself, but also a reflection of different
degrees of reserve. Because of the contrasting results, further studies may be needed to
clarify the differences in reserve due to gender, which perhaps may reflect a continuous and
ever-changing path modeled upon society’s structure.
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Overall, the functional changes associated with CR have been nicely summarized in few
exemplificative studies [13, 106] reporting all three of the main observations made so far:

1 A decrease in the metabolism over the posterior regions of the brain, mainly
temporal and occipital regions of interests, has been observed in individuals with
higher degree of reserve compared to individuals with lower CR. Such decrease
is, however, compensated by an augmented activity over the frontal areas and
more in general over regions where accumulation of Ap plaques occurs.

2. A greater activity over frontal areas appears to be proportional to the magnitude
of the reserve itself, such as that an increased functional connectivity is present
between frontal regions and the rest of the brain, confirming the proposed role
of being involved in recruiting additional compensatory network elsewhere in the
brain that may aid the individual in maintaining an efficient level of functionality,
even in the face of major pathology. Such reorganizational pattern appears to
be present not only during task execution, but it’s rather readily visible during
resting state as well (Fig. 3).

3. Similarly to what has been reported regarding structural modifications, an
inverted pattern among the healthy and the pathological group can also be
appreciated [51, 89]. In particular, healthy individuals who benefit of greater
underlying resources have been noticed to possess more efficient recruitment and
functional organization within their networks, such as that smaller activation is
required for them to outperform compared to the low healthy CR individuals

(Fig. 3).

ELECTROENCEPHALOGRAPHY EVIDENCE OF COGNITIVE RESERVE

Electroencephalography (EEG) is a widely assessed approach capable of providing direct
evidence of the ongoing activity of the brain specifically for each frequency band [107].
Despite its prevalence, so far very few studies have been carried out investigating the
possible association between this technique and the underlying occurring cortical changes
as a function of CR. A study [108] investigated the modulatory role of education over the
event related potentials (ERPS) changes, which have been observed to occur with aging and
that are considered to reflect the progressive worsening in the retrieval process of episodic
memories. In the young group, the authors observed that both high and low educated
individuals showed no difference in the recruitment of frontal areas during a recollection
tasks, suggesting that processes like familiarity and monitoring may not be sensible to
proxies of CR. On the other hand, the involvement of parietal regions during recollection
was observed to be limited to the left hemisphere in the low educated group and to be
instead bilaterally distributed in the higher group, showing earlier, longer, and greater
amplitude ERPs [108]. Within the elder population, the effect of education over ERPs
changes was such that, in the high functioning group, the frontal involvement appeared to
be equal to that of the younger counterpart; whereas a decrease in the effect amplitude
over the parietal sites was observed, with a strong bilateral involvement for the older
group compared to the younger one. Intact familiarity processes but impaired recollection,
reflected by modulation of the P300 component [108], suggests the presence of a possible
restriction in the attention allocation process [109] that might as a consequence negatively
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affect the encoding phase. Therefore, a progressive frontal shift as a function of age in the
high functioning group was hypothesized to explain the preserved memory performances
among the elders, whereas impairment in both familiarity and recognition processes was
observed alike in the old low educated group, failing to show any effect over the frontal sites
and with a significant slowing of parietal components, limited only to the right hemisphere
and completely absent over the left side of the brain instead [108].

Overall, those findings can be considered as possible evidence of the protective role

of certain proxies of CR, such as education, against the documented cognitive slowing
naturally occurring with aging, ensuring better performances [109, 110]. Most importantly,
the reported findings appear to be in line with two primary neuroscientific models

of aging: the Hemispheric Asymmetry Reduction in Older Adults (HAROLD) and the
Posterior Anterior Shift in Aging (PASA) models, which specifically aim to deal with the
observed neural shifts in the elderly, upon which CR can supposedly exert its modulatory
influence. In particular, according to the HAROLD model, high performing elders tend

to show greater bilateral hemispheric engagement during most cognitive tasks compared
to younger individuals or lower functioning elders [111-115]. According to the PASA
model, compensatory mechanisms may be implemented by the elderlies in terms of a
progressive greater recruitment of anterior areas to overcome deficits over more posterior
regions, resulting in a progressive shift in functions [114, 116]. Congruently with the PASA
model, the presence of an additional frontal involvement has been observed in a group

of high CR elders during a source memory task not present in their younger counterpart
[117], suggesting that the further frontal involvement could indeed underlie the adaptive
recruitment of additional areas to help overcoming normally age-related deficits.

It should be noted that assumptions that CR exacerbates the PASA and HAROLD model
may be overly simplistic and the above discussion is more of an attempt to fit CR theory
within the more classical models of aging. A recent study [118] has proposed the existence
of a “task-invariant CR network” comprehensive of a variety of regions ranging from basic
motor and cognitive functions up to higher-order control processes, which overall show
patterns of increased or decreased activity as a function of CR across a broad range of tasks.
Future research should attempt to address whether fMRI-derived evidences of the existence
of a unified CR network might help in addressing EEG rearrangements as well, which may
underlie easily-addressable profiles of greater reserve.

During the past few years, the NEIL Research Unit Study [119] has also been initiated,
recruiting over 1,000 healthy elders over 50 years of age which will undergo follow-

up sessions every two years to monitor any change occurring within basic physical,
neuropsychological, psychological, and resting-state EEG measures in respect to the
monitored lifestyles factors as proxies of CR. When data from the population under
investigation will become available to be analyzed, useful introspective considerations will
possibly be suggested on the association between EEG and CR.

With regard to AD pathology, changes in the underlying neural activity have been widely
documented as a function of pathology progression [120-125], which translate into a
significant slowing of the EEG activity due to the progressive decrease in the expression
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of the high frequencies power bands (mainly alpha and beta) in favor of the lower ones
(delta and theta) [120, 126-131]. The documented rearrangement of the power spectra in
this category of patients becomes interesting when considering few steps: first of all, the
progressive decrease in cognitive functioning has been documented through a variety of
different structural measures, among which those assessing the deterioration of myelinated
fibers, such as diffusion tensor MRI. A decrease in the white matter FA over frontal regions
and the corpus callosum has indeed been observed [132]. The authors argue this reduction
possibly mirrors fronto-temporal disconnections in the AD population, especially since

it was observed to be both lower than healthy controls and significantly correlated with
Mini-Mental State Examination (MMSE) scores [133, 134]. From a functional perspective,
the same frontal regions were observed to show a significant decrease in the expressed beta
power in favor of lower rhythmic activity [132], where the beta power has long been known
to reflect cognitive and attentional processing [135]. It is therefore not surprising that a
significant correlation was also documented between lower beta power and worse cognitive
functioning of the individual, as assessed through MMSE total score [132]. At the same
time, the low frequency spectra (delta and theta bands) was also found to correlate with the
severity of the damage in the white matter fibers over the frontal regions [132]. Overall,
those findings were interpreted by the authors as reflecting the presence of a fronto-temporal
disconnection due to the progressive loss of basal cholinergic neurons projections to the
frontal areas that as a consequence would “pathologically disclose the cortico-fugal EEG
rhythms triggering thalamus-cortical delta rhythm” [132].

Despite not yet being investigated, CR in the high functioning elders can be hypothesized to
have a role over three different components at equally different sets of time:

1. During the early stages of aging, CR might play a neuroprotective role in
delaying the progressive loss of power over the posterior regions and in ensuring
preservation of hemispheric asymmetries, leading to the maintenance of activity
patterns that are closer to the ones observed in healthy younger individuals.

2. When CR is no longer able to delay the neural shift toward a possible
pathological manifestation, it may still act by ensuring a more efficient
recruitment of frontal areas to maintain cognitive functions in the face of cortical
degeneration. The hypothesized switch in the role of CR from protective to
compensatory in delaying overt behavioral manifestations would be in line with
the already reported association between CR and the structural and functional
changes observed over the frontal areas and here represented by the progressive
rearrangement of the power spectra.

3. At the time of diagnosis, occurring later in individuals with greater reserve, the
pathology will have reached such a degree of severity to result in a marked
loss of cholinergic neurons underlying fronto-temporal connections and the
associated behavioral symptoms. Given that high-reserve individuals will reach
the time of the diagnosis at a more severe stage of pathology, thanks to its
initial protective power, we can hypothesize the existence, at this stage, of a
positive correlation among measures of reserve and the loss of high frequency
components, in favor of the slower ones.

J Alzheimers Dis. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menardi et al.

Page 14

NIBS AND ITS POTENTIAL CONTRIBUTION TO CR THEORY

Given the neurodegenerative nature of AD, one of the most prominent underlying
pathological changes affecting the brain consists in the progressive loss of neurons and the
consequent decrease in the amount of grey matter and associated degree of neural plasticity,
which starts in the entorhinal cortex and hippocampal areas and progressively involves

the entire brain [136]. A better understanding of the underlying changes in neuroplasticity
have been investigated through the implementation of transcranial magnetic stimulation
(TMS) [137], leading to the development of ad-hoc interventional approaches targeting
spared plasticity mechanisms and consequently potentiate cognition [138, 139]. As stated
in Faraday’s Law of electromagnetic induction, TMS can be operated to modulate cortical
excitability by means of a magnetic pulse delivered by the coil to an underlying population
of neurons, directly causing a discharge of action potentials [140, 141].

One of the most well shared notions regarding the AD pathology and TMS is that of the
documented decrease in the resting motor threshold (RMT) compared to healthy controls,
whereas MCI individuals collocate themselves halfway between those two groups [142].

At least early in the disease, these findings have been mainly considered to reflect a
functional change within the underlying networks to compensate for the progressive loss

of cortical neurons [34] and to slowly move toward representing structural changes due to
the gradual thinning of the whole cerebral cortex, such as that increase in the RMT may

no longer represent cortical excitability per se, but rather simply reflect the augmented
scalp-to-cortex distance [143]. To demonstrate that any change in the RMT is not merely
due to the loss of cortical neurons alone but it may rather reflect the presence of an
underlying hyperexcitability of the brain, measures of cortical thickness and scalp-to-brain
distance have been correlated with those of cortical excitability as reflected by the electrical
field (EF) intensity induced in the cortex by the TMS pulse [143]. This approach has
enabled the researchers to obtain a measure of excitability that was independent from the
degree of brain atrophy (i.e., the distance between the brain and the skull), leading to

the observation that the EF over the motor cortex correlated negatively with the cortical
thickness in relevant regions of the brain (sensorimotor cortex, cuneus, and precuneus).
This translates, accordingly to the authors, into the notion that the thinner is the cortex, the
greater the intensity of the stimulation needed to induce a MEP [143]. Because of that, one
could expect that AD patients would have required a greater stimulation for MEPs to be
elicited. However, this was not observed and instead lower intensities were needed. Again,
this finding is congruent with the notion that AD brains are characterized by a compensatory
hyperactivation that has been hypothesized to reflect alterations in the cholinergic activity
as well as a dysfunction in the glutamatergic receptors. On the other hand, changes in
excitability may also be related to GABA-ergic dysfunctions [144], with AD patients
showing increased contralateral silent period (CSP) and transcallosal inhibition (T1) as well,
both of which have been linked to GABA inhibitory circuits. Furthermore, both the RMT
and the CSP were found to increase as a function of disease severity, congruently with what
was already reported in a previous study [145], which presumably reflects the widespread
cortical atrophy that characterizes the most advanced stages of the disease. Based on those
notions, it might be possible to plot the change in the RMT as a U-shaped line as a function
of AD severity such as that, assuming a starting point as healthy, the RMT will progressively
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decrease with the AD diagnosis and will keep decreasing as the disease progresses until
when it becomes so severe (due to the spreading of the atrophy) that the RMT will start to
increase again because the brain will eventually no longer be hyperexcitable, up to the point
when higher degrees of stimulation will be needed to induce a MEP to counterbalance the
cortical thinning [143, 145] (Fig. 4). Because of the slow decreasing of the curve, it may be
that no change will be observed in the RMT between healthy subjects and MCI or very mild
AD patients, whereas those differences will become prominent at the more advanced stages.
Furthermore, it seems plausible to assume that interindividual differences could play a role
in determining the shift of the curve on the x-axis, which could become an interesting facet
of the role of reserve, such as that the higher the CR, the greater the shift over the right, thus
the more delayed the changes in the RMT and therefore the changes in plasticity that one
could aspect to observe (Fig. 4).

However, when the obtained measures of cortical excitability were correlated with the
mean scores obtained with the MMSE [144], what was observed was that lower RMTs
corresponded to lower MMSE scores, whereas a negative correlation was present between
MMSE scores and CSP duration (reported as greater for the left hemisphere compared to the
right). A significant correlation was also observed between the MMSE and TI for the right
hemisphere solely. In this particular study, no meaningful correlation was observed between
MEP amplitude and MMSE. Accordingly to the authors, the most plausible explanation may
be that of a relative preserved integrity of the cortico-spinal tracts in the face of a reduced
threshold in the rest of the brain, such as that when the delivered stimulation is increased

up to the 130% of the RMT to elicit MEPSs, “it recruits the same extra proportion of output
as in healthy subjects” [144]. From this early explanation, it comes that the RMT may be

a more sensible measure of change in the cortical excitability of the brain that might, as

a consequence, translate into changes in cognitive functioning (e.g., as expressed by the
MMSE). The decrease in the intracellular glutamate levels appears to play a role in altering
the homeostasis and in inducing a decrease in membrane resting potential that consequently
may facilitate depolarization [144]. For what concerns the cholinergic dysfunctions, the
progressive degeneration of the nucleus basalis of Meynert— from which most of the
cholinergic projections originate [146]—has been found to start early in the disease and

to mirror the changes in cognitive functions, especially those relying on the attentional
processes [147]. Given the role that acetylcholine is known to play in regard of both motor
and higher order cognitive functions (e.g., memory and attention among others), it may

be interesting to better evaluate the possible existent correlation between activity in the
motor cortex and its association with cognition, assuming the presence of an underlying
shared mechanism. Indeed, the existence of an association between the RMT and cognitive
functions has been observed even in healthy subjects performing a 2-n back task [148], but
not in the control condition (Oback) or in a more difficult setting (3-n back). The authors
reported the presence of a negative correlation between RMT and working memory such

as that lower thresholds were found to be indicative of a better memory load which has
been further interpreted as a proof of the RMT to be not only a measure of corticospinal
excitability, but to rather represent broader cortical activity [148]. Given that those findings
were reported independently of whether the TMS pulse was delivered before or after the
cognitive task, it was possible to assume that, within the present study, the RMT was
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indeed representative of underlying cortical activity rather than mirroring modulation of the
cognitive task over the measured RMT or the effect of TMS over M1 [149].

The presented body of evidence seems to suggest the existence of a correlation between
cortical excitability (i.e., RMT) and cognitive performance with two inverted patterns among
healthy subjects and patients, such as that for the former, lower RMT correlates with better
performance whereas the opposite seems to be true in the pathological population (higher
RMT equals a better performance) (Fig. 4).

Therefore, it may be tempting to conclude that hyperexcitability plays a favorable role in

a healthy brain because it may lead to a more prone responsiveness of the subject to a
specific task, whereas the same hyperexcitability is detrimental in AD patients, even if it’s
assumed to reflect a compensatory mechanism. One possible explanation may come in terms
of the fact that given a limited amount of resources that the brain has, the hyperexcitability
of a region may result in a sudden decrease in the activity in the rest of the brain to
counterbalance, including those regions that presumably contribute to the ongoing task.
Given the widespread of the pathology in AD, the overall cognitive resources of the AD
populations will be significantly reduced compared to the healthy group, thus making them
more sensible to sudden shifts in their allocations to compensate for a given task. Despite
acting as a compensatory mechanism, individuals with higher RMT may be the ones who
either find themselves on the left side of the curve (i.e., not severe enough to show a
significant change in the RMT compared to healthy) or on the extreme right side (so
severe to show greater RMT because of the widespread cortical thinning). Only the former,
however, will benefit of higher RMT as it is perhaps indicative of lower severity, thus
making them performing almost as good as the healthy, but significantly different from the
moderate/severe AD.

An alternative explanation to the hyperexcitability hypothesis is that of a progressive
reduced capacity of the inhibitory circuits to exert their effects over the cortex, thus resulting
into greater disinhibition [149]. However, measures of cholinergic inhibition (as assessed
by short latency afferent inhibition) and measures of GABAergic inhibition (as assessed

by short latency intracortical inhibition) were not found to be significantly correlated with
the RMT, even though the former was found to be significantly decreased in AD patients
[150]. This was interpreted by the authors as evidence of the fact that the documented
hyperexcitability in these patients is less likely to be related to a deficiency with the
inhibitory system (either cholinergic or GABAergic), but rather to reflect a dysfunction in
the cortical excitatory system related to an increased glutamatergic response [150]. Despite
s0, no significant modifications have been observed in terms of intracortical facilitation

in AD patients compared to healthy controls [142]. Because intracortical facilitation is
considered to rely upon NMDA receptor mediated activity, the glutamatergic dysfunction
cannot be explained in terms of NMDAr dysfunction, as it appears to be preserved in AD
patients, but rather to an imbalance between NMDA and non-NMDA receptors, with the
altered functioning of the latter [151]. Indeed, administration of ketamine (a drug that is
known to enhance non-MNDA receptor activity by at the same time blocking the activity of
NMDA receptors) in AD patients has been proven to increase cortical excitability to TMS
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by “increasing high-frequency glutamatergic neurotransmission” mediated by non-NMDA
receptors [151].

In conclusion, future approaches could also embrace relatively novel techniques, as those
relative to the field of NIBS, to assess changes in cortical excitability and plasticity

across the lifespan, that might modulate the interaction with CR estimates, affecting

both the individual starting point as well as their critical change in slope [152], but

for which few relevant works appear to have been published so far. Moreover, such
techniques could be used to induce targeted modulation of cortical excitability, which if
performed in a systematic and repeated way might slow down pathological decrease. Various
NIBS approaches have already proven their feasibility in inducing overt enhancement of
cognitive functions. Protocols capable of directly affecting mechanisms of cortical plasticity,
promoting synaptic receptivity (i.e., through mechanisms of long term potentiation) as
observed in theta-burst TMS, or in aiding neural synchronization of widespread neural
networks, as within transcranial alternating current stimulation approaches [32], come of
great interest as possible interventions to augment individuals’ resilience to degenerative
pathologies.

AN INTEGRATED MODEL OF COGNITIVE RESERVE

Within the wide evidence collected in literature, the role of CR appears crucial in
explaining inter-individual differences among subjects that might otherwise display similar
neuropathological conditions. Congruent with the initial description [8], CR may exert both
a protectiverole, thus delaying clinical manifestations and ensuring the maintenance of
adequate cognitive functioning, as well as a compensatory role, through the recruitment of
adjacent neural networks, when facing a major pathology.

From a neuroimaging perspective, the mechanisms through which CR has been observed
to operate can be hypothesized to vary depending on the different stages at which the
individual is found to belong to. Indeed, if we consider a time-frame that starts from the
progressive thinning of the cerebral cortex observed during normal healthy aging, toward
the progressive pathological side of it; the weight of CR will be different and gradually less
impactful, until when a certain degree of clinical severity is reached for which CR can no
longer play a meaningful role. Therefore, at the very beginning, CR will act as a protective
agent, such as that individuals who have previously engaged in an active and cognitively
stimulating life will benefit, as a consequence, of enriched neural networks both in terms
of volumetric measures as well as greater and stronger white matter interconnections across
regions.

Consequently, the strengthened cortical networks will be more resistant to the pathology,
similarly to what was hypothesized in the past by passive models of reserve—like the
Brain Reserve theory [6]—with the only difference that neural substrates will not reflect
innate properties of the brain, but rather be the result of previous active engagement. Both
global and region-specific effects can be hypothesized [51], with the latter being centered
in protecting those regions of the brain that are most commonly affected by the pathology.
The role of CR in protecting and delaying the clinical diagnosis of a neurodegenerative
condition, such as that of AD, may account for the reported evidence of postmortem brain
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autopsies showing clear presence of widespread amyloid pathology in individuals that never
displayed behavioral symptoms in life [80]. On the other hand, as the underlying pathology
progresses, a gradual shift can be hypothesized from structural changes to functional ones
and thus from a protective role of CR toward more of a compensatory function [70].

Again, different patterns can be appreciated between healthy individuals and AD patients
such as that, for the former, higher measures of CR have been found to be associated with
finer patterns and decrease network activation during task execution whereas, in the clinical
population, the opposite patterns holds true, with high reserve being associated with greater
network activation, proving its compensatory role through the recruitment of adjacent
cortical regions [51, 89]. This enlarged network activation mirrors the posterior to anterior
shift in cognitive functioning observed during aging—perhaps exacerbated by the role

of CR—congruently with the already proposed models in literature explaining networks’
rearrangement, gradually losing specificity (the HAROLD model) and progressively moving
toward frontal regions involvement (the PASA model). Such cortical reorganization in favor
of more anterior regions is supported by the empirical data showing progressive reduced
metabolism posteriorly and increased activity in frontal areas as a function of reserve [13,
106], as well by the gradual shift in the power spectra activity that favors low frequency
frontal activity (i.e., theta) in face of posterior faster cortical synchronization (i.e., mainly
alpha) [127].

One hypothesis that could aid in explaining the association between CR and frontal regions
might rely in the proposed role of frontal cholinergic projections as underpinning reserve
[99], consistently with the known role of acetylcholine in sustaining memory [153], one

of the first functions undergoing degeneration within the AD pathology and which often
brings the individual under clinical attention. Furthermore, fronto-temporal disconnections
due to the progressive loss of basal cholinergic neurons projections to the frontal areas could
results in a “pathologically disclosure of the cortico-fugal EEG rhythms triggering thalamus-
cortical delta rhythm” [132], thus providing a neural explanation for the reported changes in
the individual’s power spectra. In addition, recent evidence has also been collected proving
the existence of a negative correlation between frontal theta power and activity in the
regions belonging to the DMN in healthy subjects [154], which increased activity has in

turn been reported to be positively associated with high CR measures [89]. More recently,
evidence of the increased amount of left frontal connectivity in individuals with higher levels
of education, a proxy of CR, has been interpreted as further evidence sustaining frontal
projection as the more likely neural substrate of cognitive reserve [101].

By taking in consideration the overall collected evidence, we hereby propose a M-shaped
model summarizing the structural and functional modifications from normal aging to the
pathological side of it as a function of cognitive reserve (Fig. 5B). Differently from the
traditional view on CR, which simply looks at the translational shift in time, reflecting
the delay in symptomatology (Fig. 5A), this model considers the step-by-step role of CR
in guaranteeing the maintenance of a functional cognitive profile along both structural
and functional pattern’s modification. Furthermore, the potential modification of cortical
excitability as assessed through TMS protocols is proposed as the best easily-assessable
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quantitative estimate of the individual collocation along the aging process, from the healthy
to the pathological side of it (Fig. 5C).

One note worth mentioning regards the inconsistency in the approach of measuring CR
across different studies, for which years of education, working activity, or social engagement
have most often been utilized as estimates of reserve, based on arbitrary cut-off points. Due
to this variability in the proxies used to estimate CR, it becomes particularly challenging

to compare across different studies, for which the need of using a unified measure of
reserve becomes mandatory. In this regard, few questionnaires have come into use, such

as the Lifetime of Experiences Questionnaire [155] and the Cognitive Reserve Index
questionnaire [85], both of which provide a quantitative continuous estimate of reserve

that takes into account a complex set of activities considered cognitively stimulating, into
which the individual might have engaged in his or her life, both in terms of duration

and frequency. The importance of framing CR as a composite score reflects its original
theoretical framework [7] and for this reason should strongly be preferred over the use of a
single proxy measure.

CONCLUSIONS

Individuals with AD show wide inter-individual differences at the time of clinical diagnosis,
only recently linked to reserve-based model of resilience, especially that of the CR theory.
Within the present review, we have therefore gathered the current state of the art evidence
for the role of CR in both healthy aging and AD, starting from the reserve’s role in
counterbalancing cortical neural loss toward ensuring greater compensatory mechanisms. In
conclusion, we have proposed a model looking at the stage-based role of CR in relation to
both structural and functional modifications and we propose NIBS techniques, especially
TMS and its ability to monitor alterations in cortical excitability, as a possible easily
assessable biomarker of the individual collocation along the aging process, from healthy

to possibly pathological.
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Fig. 2.
Associations between structural measures and CR in healthy and pathological brain aging.

A) In healthy aging, a positive association has been reported between grey matter volume
and CR, both at the whole brain level, as well as within specific regions, i.e., mainly the
fronto-parietal sites [51]. In contrast, a negative correlation between CR and measures of
FA in the genu of the corpus callosum—a region showing great physiological changes

with age—has been reported [51]. According to the authors, the observed negative, rather
than positive, relationship may reflect “a greater capacity to tolerate age-related structural
damage without concomitant impact on cognitive performance,” In other words, individuals
at preclinical/genetic risk conditions, who nonetheless have high CR, could lose white
matter integrity without manifesting cognitive impairment, thus representing a transitional
or intermediate brain status between healthy and pathological aging. Overall, grey and
white matter changes support the continuous protective role of CR in sustaining preserved
functioning for longer during time. B) In contrast with healthy cognitive aging, MCI and AD
show negative associations between CR and grey matter volume at the global and regional
level. In particular, the hippocampal formation represents one of the regions showing the
greatest atrophy as a function of reserve, which suggests CR may enable patients to sustain
more advanced stages of pathology compared to their low CR counterpart. A similar pattern
has been observed in terms of FA reduction over pathologically relevant fibers’ tracts,
including the corpus callosum, the cingulum, the inferior and superior longitudinal fasciculi
and the fronto-occipital bundle [51], with a greater negative slope in MCI compared to AD
patients [51].
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Task-associated functional activation/deactivation and CR in healthy and pathological
cognitive aging. Task-induced activation and deactivation in regions showing greatest
difference in the regression slope between healthy subjects and the pathological sample
[89]. As a function of CR, healthy elderlies show a decrease in the recruitment of regions
active during the task at hand (in this case, language related areas- middle/superior frontal
gyrus and anterior cingulate cortex mainly), and reduced deactivation in some of the regions
belonging to the DMN (precuneus, posterior cingulate cortex). Such finding suggests higher
CR is associated with a more efficient allocation of metabolic resources and information
processing. On the other hand, AD patients need greater activation to carry out the same
task, thus proving better compensatory capacities as a function of CR. Greater reduction

is observed in regions typically showing task-induced deactivations, i.e., DMN regions.
Amnestic-MCI patients show less dramatic effects; a tendency mirroring that of the AD

sample can still be appreciated.
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Proposed model of cortical excitability as a function of disease progression and

cognitive performance. Lower RMT (i.e., higher cortical excitability) has been observed

in pathological cognitive aging compared to healthy cohorts, reflecting a possible

compensatory mechanism for the progressive loss of cortical neurons. We speculate that
the decrease in the RMT would be observed until the most advanced stages of the disease

when a critical point in cortical thinning is reached. In line with this notion, higher

cortical excitability is associated with better cognitive performance in young subjects

and to progressively shift toward a negative association at the earliest stages of AD.

The progressive change in slope between cortical excitability and cognitive performance
is thought to reflect the point of inflection where hyperexcitability no longer acts as a
compensatory mechanism, but rather starts to become detrimental for the subject, possibly
reflecting a greater impediment in cognitive resource allocation. CR is hereby proposed to
ensure preserved functioning for longer during time, delaying the time when the inflection

point is reached by the individual.
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Fig. 5.

Cc?ntrasting models of the impact of CR on the manifestation and progression of
pathological brain states. The traditional view on the role of CR (A) hypothesizes that

CR simply acts in protecting the individual, delaying the time of symptomatology onset
and of clinical diagnosis. On the other hand, a M-shaped model (B) reflexes a much

more complex reality in which not only healthy subjects and pathological individuals show
gradual opposite changes in slope as a function of CR, but also structural and functional
modifications show mirror-like behavior. In the proposed model, the term structural integrity
refers to the collected evidence of global and regional changes in the cerebral volume,

such as that, in healthy aging, higher reserve correlates with more robust neural substrates,
i.e., greater grey matter volumes and higher measures of FA in the connecting fibers. On
the other hand, a progressive shift in slope is observed in the pathological sample (from
MCI to AD), where higher CR becomes associated with thinner cortices, providing its
compensatory role in sustaining greater degree of severity for longer in time. Similarly,
functional integrity refers to the reported changes in the functional recruitment of regions
that ensure the individual to maintain an appropriate level of cognitive functioning. In
respect to CR, healthy elderlies show less functional activation over task-relevant regions
and reduced deactivation of the DMN (not shown in the model; see Fig. 3), proving more
finely tuned patterns of activity and effortless processing. On the other hand, in the AD
pathology, CR acts in ensuring greater functional activation and recruitment of adjacent
regions (mainly frontal areas), to maintain an efficient cognitive profile despite disease
progression. The reported slope change in functional activity represent therefore task-driven,
more than resting state, accommodations as a function of CR, with similar patterns reported
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in both fMRI and FDG-PET studies [156]. Notably, preclinical stages of disease or genetic
conditions present intermediate brain statuses as a function of CR between healthy and
pathological aging. C) represents a W-shaped model, where the altered cortical excitability
is seen as the most easily and non-invasive assessable measure summarizing both structural
and functional evidences, further proving the potential implementation of NIBS in clinical
practice in the evaluation of the individual collocation along the healthy-pathological axis.
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