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Abstract

Age-related cognitive decline and individual differences in dementia susceptibility are
increasingly explained through the concept of cognitive reserve (CR). CR reflected the
brain’s adaptive capacity to sustain cognitive performance despite Alzheimer’s disease
(AD)-related pathology, extending beyond traditional biomarkers that captured the molec-
ular or structural changes, but often failed to account for clinical heterogeneity. This review
provided a comprehensive synthesis of how CR was operationalized through three major
methodological approaches: sociobehavioral proxies, residual variance frameworks, and
neurobiological indicators within the context of longitudinal study designs. The review
included evidences from a structured PubMed and Scopus search restricted to English-
language studies examining the incidence of mild cognitive impairment (MCI) or AD.
Findings consistently demonstrated that higher CR, most commonly estimated through
sociobehavioral proxies, such as educational level, occupational complexity, bilingualism,
and engagement in cognitively stimulating activities, was associated with a delayed onset
of impairment, lower dementia risk, and better clinical outcomes, despite a comparable neu-
ropathological burden. Residual variance approaches provided complementary insights
by quantifying cognitive performance that exceeded the predicted levels from underlying
pathology, thereby capturing unexplained variance by structural or molecular disease
markers. These residual-based methods extend CR concept beyond life-course experi-
ences, offering statistical evidence of resilience within longitudinal trajectories of aging
and disease. Additional evidence from electrophysiological and genetic investigations
further suggested that CR enhanced the neural efficiency, flexibility, and the recruitment of
compensatory networks. Finally, neuroimaging studies provided the mechanistic evidence
that CR was supported by alterations in brain structure, functional connectivity, and acti-
vation patterns, though findings on long-term trajectories remained inconsistent. Overall,
CR emerged as a multidimensional and modifiable construct that enhanced resilience to
aging and dementia. Future research should prioritize the integrative longitudinal designs,
combining sociobehavioral, residual variance, genetic, electrophysiological, and neuroimag-
ing approaches to clarify mechanisms, establishing robust measurement frameworks and
advance clinical translation.
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1. Introduction

Increasing global life expectancy resulted in a rapid expansion of the population aged
65 years and older with a concomitant rise in the prevalence of projected dementia over
the coming decades [1]. Alzheimer’s disease (AD) constituted the most prevalent cause of
dementia, and its worldwide prevalence was anticipated to nearly double within the next
20 years [1,2]. The dementia continuum encompassed the distinct clinical stages, beginning
with subjective cognitive decline (SCD), a self-reported perception of cognitive worsening
in the absence of measurable deficits on standardized neuropsychological assessments, and
progressing to mild cognitive impairment (MCI), in which objective deficits were detectable,
but the functional independence was maintained [3-5]. At the advanced stage, AD was
marked by progressive and irreversible cognitive deterioration that ultimately disrupted
the independent daily functioning [6,7]. Both SCD and MCI were recognized as prodromal
states that conferred a substantially elevated risk for subsequent progression to AD [3,5].

The pathological hallmarks of AD included the accumulation of 3-amyloid (Af)
plaques and tau-related neurofibrillary tangles, both of which could be quantified through
advanced neuroimaging modalities and fluid-based biomarker assays [8-10]. The National
Institute on Aging-Alzheimer’s Association (NIA-AA) Research Framework formalized the
AT(N) classification, A} deposition (A), tau pathology (T), and neurodegeneration (N), as
the core biological indicators of AD presence and severity [11]. These biomarkers provided
an important framework for staging disease progression and differentiating preclinical,
prodromal, and dementia phases, thereby enabling a more biologically grounded under-
standing of AD. In the absence of disease-modifying therapies, identifying factors that
could delay or attenuate progression to dementia remained a priority, given the profound
implications for public health expenditure and the preservation of quality of life [11-13].
Despite considerable scientific progress and significant investments in drug discovery, the
multifactorial complexity of AD pathophysiology was thus far impeded the development
of effective therapeutics, emphasizing the need for innovative treatment strategies [14].

In this context, growing research attention was shifted toward protective and re-
silience mechanisms, which might explain why some individuals maintained cognitive
function despite substantial neuropathological accumulations [15,16]. It was increasingly
recognized that the degree of cognitive impairment did not always correspond directly to
neuropathological burden; individuals with comparable levels of amyloid accumulations or
brain atrophy may exhibit markedly different clinical trajectories [17,18]. This dissociation
was attributed to interindividual variability in resilience against AD-related pathology,
conceptualized as cognitive reserve (CR) [15,19].

Cognitive Reserve

CR may be one mechanism through which individuals were protected against sig-
nificant clinical cognitive decline, even in the presence of neuropathology [15,19,20]. The
concept was based on the notion that sociobehavioral proxies, such as education, intellec-
tually engaging occupations, and various other activities contributed to the development
of resilient neuronal networks that helped to preserve cognitive function, even as AD
biomarkers indicated progressing pathology [19-21]. Moreover, CR was further expected
to moderated the association between neuropathology and cognitive performance; that
was, individuals with higher CR demonstrated the greater resilience against AD-related
neuropathological burden [22].

Originally proposed to explain discrepancies between brain pathology and clinical
manifestation, CR framework now encompassed the neural efficiency, network flexibility,
and compensatory activation, as potential mechanisms that sustain performance [23,24].
Subsequent research identified three primary approaches to operationalizing CR. The first
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and most widely applied approach relied on sociobehavioral proxies, such as educational
attainment, occupational complexity, bilingualism, and engagement in cognitively stimu-
lating activities, as indirect indicators of reserve [19,23,24]. The second approach utilized
residual variance methods, in which CR was quantified as the discrepancy between ob-
served cognitive performance and performance, predicted from underlying neuropathology,
thereby capturing unexplained variance by structural or molecular disease markers [19].
The third and emerging approach seeked to move beyond proxy and residual frameworks
by incorporating neuroimaging, electrophysiological, and genetic indicators to provided
more direct and mechanistic assessments of CR [22,25-27]. Convergent evidence across
these approaches indicated that higher levels of CR were associated with delayed onset of
cognitive impairment and reduced risk of dementia progression, irrespective of AD-related
pathology [15,19,28]. Accordingly, CR offered a unifying explanatory model that associ-
ated life-course enrichment, neural adaptability, and disease compensation to observed
variability in cognitive aging trajectories.

2. Conceptual Framework and Hypothesized Effects of Cognitive Reserve

The concept of CR proposed that higher levels of reserve influenced both cognitive
and clinical trajectories across aging and disease [15]. Stern’s [19] model suggested that
individuals with greater CR, not only achieved superior cognitive performance before the
onset of decline, but also experienced a delayed emergence of disease-related impairment.
At the same time, because a greater reserve allowed individuals to tolerate more extensive
neuropathology before symptoms manifest, once pathology surpassed a critical threshold,
decline may progress more rapidly [29]. Although developed primarily to account for AD,
this framework may also explain variability in cognitive outcomes associated with other
neuropathologies and age-related brain changes [30].

CR was a theoretical construct that could not be directly observed and was therefore
most commonly inferred through indirect measures [19]. The most widely used oper-
ationalization relied on sociobehavioral proxies that reflected the lifetime experiences,
including educational level, occupational complexity, bilingualism, and engagement in
cognitively stimulating activities [15,31]. These variables were not mutually exclusive and
often overlap; for example, individuals from higher socioeconomic status backgrounds
were more likely to achieve higher education, which may lead to greater occupational
attainment, higher income, and access to enriching leisure activities [32].

To strengthen the conceptual foundation of this review, it was important to distin-
guish CR from related constructs that were often conflated in the literature: brain reserve,
compensation, and reserve capacity. CR referred to adaptive functional processes, such
as neural efficiency, flexible strategy use, and compensatory network recruitment, that
helped to maintain performance despite pathology [15,19]. Brain reserve denoted passive
structural endowments, including brain volume, synaptic density, and neuronal count,
that buffered the initial impact of neuropathology [19,32]. Compensation referred to the
observed active neural adjustments during task engagement, such as the recruitment of
additional or alternative networks [23,30]. Reserve capacity reflected the upper limit of
adaptive potential that could be mobilized, as pathology progresses [30]. Importantly,
residual variance approaches indexed the functional compensation, rather than CR capac-
ity, as they captured the performance exceeding levels from the predicted biomarkers or
structural integrity [33].

Beyond proxies, residual variance approaches estimated CR statistically, as the discrep-
ancy between the observed cognitive performance and predicted performance from levels
of neuropathology, thereby capturing the unexplained variance by structural or molecular
markers [33,34]. In addition, neurobiological indicators, including neuroimaging, elec-
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trophysiological, and genetic measures, offered better direct mechanistic assessments of
reserve capacity [19,22]. Ongoing research sought to delineate the relative contributions of
proxy-based, residual, and neurobiological indicators of cognitive reserve to trajectories of
cognitive aging and dementia risk.

In parallel with CR, contemporary consensus frameworks emphasized the related
construct of brain maintenance, defined as the relative absence or slowing of age- and
disease-related changes in neural resources or neuropathology over time [19]. Brain mainte-
nance was typically indexed by longitudinal preservation of brain structure and microstruc-
tural integrity (e.g., cortical thickness, white matter diffusivity), whereas CR referred to
the functional adaptability that allowed individuals to perform better than expected given
their level of brain change or injury [19,23,30]. Recent longitudinal work illustrated this
distinction: Gazes et al. showed that the preserved cortical thickness and lower white
matter mean diffusivity were associated with the reduced five-year decline in multiple
cognitive abilities (consistent with brain maintenance), while a higher intelligence quo-
tient (IQ) and education independently buffered the decline after accounting for structural
change, consistent with CR mechanisms [35]. These findings focused that brain mainte-
nance reduced the accumulation of damage, whereas CR moderated the impact of existing
damage on behavioral performance, and that both processes made the partially dissociable
contributions to cognitive aging trajectories.

3. Purpose of Current Review

Studies consistently demonstrated that individuals with higher CR could withstand
greater levels of AD-related neuropathology before manifesting significant cognitive de-
cline or clinical impairment [15,19,22,26]. This protective effect positioned CR, as a key
explanatory construct, for interindividual variability in dementia susceptibility and pro-
gression. However, much of the literature on incident dementia relied predominantly on
sociobehavioral proxies of CR, such as educational attainment or occupational complexity
without consistently integrating direct measures of neuropathology [19,36,37]. This limita-
tion restricted the rigorous testing of CR hypothesis and reduced the explanatory power
for heterogeneous clinical outcomes. Building on prior work, this review systematically
synthesized the longitudinal cohort studies that examined the role of CR in the incidence
of MCI and AD [22,36,38]. Specifically, this review study centered on three complementary
methodological approaches to operationalizing CR (Figure 1): (1) sociobehavioral proxies,
(2) residual variance frameworks, and (3) neurobiological indicators. Drawing on evidence
from longitudinal cohort studies, how each approach contributed to understanding the
mechanisms through which CR was critically evaluated and moderated the relationship
between AD-related neuropathology and cognitive outcomes. By synthesizing findings
across these domains, the review provided a multidimensional assessment of CR, as both a
statistical and neurobiological construct of resilience. The review further delineated the
persistent methodological limitations, including the predominant reliance on proxy-based
measures and cross-sectional designs, and articulated research priorities that emphasized
the need for integrative longitudinal models combining sociobehavioral, residual, ge-
netic, electrophysiological, and neuroimaging approaches to elucidate mechanisms, refined
measurement frameworks, and facilitated clinical translation.
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1. Sociobehavioral Proxies

P
A8

2. Residual Variance

3. Neurobiological Indicators

Cognitive Reserve

Figure 1. The figure illustrates three approaches to operationalizing CR, represented as concen-
tric layers surrounding the core construct. (1) Sociobehavioral proxies serve as indirect indica-
tors, (2) residual variance methods capture cognitive performance beyond pathology-predicted
levels, and (3) neurobiological indicators provided direct mechanistic measures. Abbreviations: CR,

Cognitive Reserve.

Table 1 provided a concise comparison of representative longitudinal and biomarker-
based CR studies and made points in several methodological issues that constrained the
interpretation across the literature. Although many studies controlled for demographics
and AD biomarkers, key confounders, particularly SES, education quality, and APOE
¢4 genotype, were inconsistently measured or omitted, increasing the risk of social and
genetic confounding. The table also illustrated substantial heterogeneity in CR operational-
ization, ranging from education and IQ to residual-variance indices and network-based
neuroimaging metrics, which contributed to variability in reported effect sizes and trajecto-
ries. Notably, studies with multimodal biomarker adjustment or network-level measures
tended to provided better stable estimates of CR, whereas those lacking SES or APOE
control were difficult to interpret. Overall, this comparison emphasized the need for
greater methodological consistency, better comprehensive confounder adjustment, and
harmonized CR definitions to strengthen causal inference in future research.

Table 1. Summary of representative longitudinal and biomarker-informed studies examining CR.

Covariates/Confounders

Study Design/Sample CR Proxy Controlled Key Findings Key Limitations
Narrative + empirical Education, IQ Varied across cohorts; CR moderates E‘;Zfi?}ﬁi%ste d
Stern 2012 [15] models; multiple N SES often partial; APOE clinical expression of ) !
occupation . biomarker
cohorts rarely included AD pathology . .
integration
Vemuri etal,, 2011 Longitudinal; Education, Age, sex, MRI, FDG-PET; ;ﬁ:‘nednzleorﬁ‘larkers ggsljre‘;’siztlﬁlted;
(ADNI) [21] n ~ 300 CN/MCI/AD occupation no SES, no APOE P y

predict cognition quality unmeasured
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Table 1. Cont.

Study

Covariates/Confounders

Design/Sample

Controlled

Key Findings

Key Limitations

Soldan et al., 2017

20-year longitudinal;

Residual variance

Age, sex, MRI, CSF

Higher residual-CR
predicts slower

Highly educated
cohort; limited SES

(BIOCARD) [39] n ~ 350 CN Ap/tau; APOE included decline diversity
Franzmeier et al., fMRI connectivity; Education, Age, sex, hippocampal I;si;gg:]ﬁ S&ﬂlggﬁfle;
2017 [40] n ~ 100 MCI connectivity volume; APOE included ity v

underlies CR measures variable

CR and brain . .
Gazes et al., 5-year longitudinal; 1Q, education Age, sex, cortical maintenance xliisfviiir;gle'
2023 [35] n =254 ! thickness, MD; no SES independently 08!

: - limited

predict decline
DeJong et al., Population dMRI Structural SES, vascular risks; no eCf(f):;eocft la\f[ito}’ l;ufierl;s CCJOS?;;C:IEII\IA&I]{I
2023 [41] cohort; 1 = 4759 connectivity APOE > phy grution; ¢

cognition quality variable

. Paradoxical faster CR paradox sensitive
Z: ZIL(;SI{IQKE;% ADNI; n ~ 500 Education ﬁfle{lzzll AB, tau; APOE decline in high-CR to model
v N once symptomatic assumptions

This table synthesized key design features, CR proxies, confounder adjustment (including socioeconomic status
and APOE ¢4), principal findings, and methodological limitations across frequently cited studies. The comparison
presented the substantial heterogeneity in CR operationalization and incomplete control of major confounders,
which complicated the interpretation and comparability of results. Abbreviations: CN = cognitively normal;
MCI = mild cognitive impairment; AD = Alzheimer’s disease; ADNI = Alzheimer’s Disease Neuroimaging
Initiative; BIOCARD = Biomarkers of Cognitive Decline study; SES = socioeconomic status; APOE = apolipoprotein
E; IQ = intelligence quotient; MRI = magnetic resonance imaging; FDG-PET = fluorodeoxyglucose positron
emission tomography; CSF = cerebrospinal fluid; A = amyloid-beta; fMRI = functional magnetic resonance
imaging; dMRI = diffusion magnetic resonance imaging; MD = mean diffusivity; CR = cognitive reserve.

4. Literature Search

To support this narrative review, a structured literature searches of PubMed and Sco-
pus were conducted and supplemented by a review of Google Scholar to capture additional
relevant records. Search strategies combined both natural language terms and controlled
vocabulary (MeSH in PubMed) with Boolean operators (AND, OR) applied to refine queries.
Four conceptual domains were targeted: (1) cognitive reserve, (2) dementia progression
and neuropathology, (3) biomarkers of disease burden, and (4) cognitive outcomes. Search
terms were selected to capture the breadth of concepts relevant to cognitive reserve, de-
mentia progression, biomarkers, and cognitive outcomes. The complete set of keywords
applied in the structured literature searches was illustrated in Figure 2, which summarized
the domains and terms guiding this review. These terms were selected to capture the
breadth of CR operationalizations, spanning sociobehavioral proxies, residual variance
methods, and biomarker-based measures, derived from neuroimaging, electrophysiology,
and genetics. Eligible studies were restricted to longitudinal cohort designs, published
in English, and explicitly investigating the incidence or progression of MCI or dementia.
Exclusion criteria included cross-sectional studies, case reports, conference abstracts, and
non-peer-reviewed publications. The search covered all records available in PubMed and
Scopus from database inception through August 2025 and was supplemented by targeted
Google Scholar screening. Grey literature sources were not included, and databases, such
as PsycINFO and Web of Science, were not part of the structured search. This review was
based entirely on previously published data and did not involve any original research with
human or animal participants.
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Figure 2. Search terms applied in the structured literature search across PubMed, Scopus, and Google

Scholar. The visualization illustrated the core domains considered in this review, including cognitive
reserve, dementia risk and progression, biomarkers, and cognitive outcomes. These keywords
were used to guide the identification of eligible longitudinal studies published. Abbreviations:
TAU, phosphorylated tau (p-tau); fMRI, functional magnetic resonance imaging; MRI, magnetic
resonance imaging; MEG, magnetoencephalography; PET, positron emission tomography; EEG,
electroencephalography; MCI, mild cognitive impairment.

5. Sociobehavioral Proxy Measures of Cognitive Reserve

Studies using longitudinal and epidemiological cohorts provided a unique approach
for investigating how CR affects long-term clinical and cognitive outcomes, particularly
the risk of dementia [38,42]. The most widely used proxy measure of CR in this body
of evidence was the years of formal education. Several studies showed that a greater
level of education was associated to a lower risk of dementia and incident MCI [38,42—44].
However, these correlations were not consistently found in all studies, and the results often
differed depending on the operationalization of education [45,46]. Although it was simple
to measure, years of education were a static indicator that did not account for cognitive
engagement throughout one’s life and did not accurately reflect the quality and variety of
learning experiences [15]. As a result, various proxies, such as literacy, reading ability, and
vocabulary, were suggested as more reliable markers of reserve [47,48]. Evidence suggested
that literacy, reading, and vocabulary assessments tended to exhibit stronger correlations
with the risk of MCI or dementia than the number of years of education [47-50].

Accumulating evidence suggested that socioeconomic and occupational factors played
a protective role against dementia [24]. Individuals with higher occupational attainment
or greater work complexity tended to exhibit a reduced risk of dementia [50-52]. Cogni-
tively demanding activities, particularly those that required information processing and
pattern recognition, appeared to be especially beneficial [53,54]. Later retirement was
likewise associated with lower dementia incidence, emphasizing the value of prolonged
cognitive engagement across the life-course [55]. In parallel, markers of socioeconomic
status, including elevated household income and wealth, were consistently associated to
the reduced vulnerability to dementia [50,53]. Engagement in leisure pursuits that were
cognitively, socially, and physically stimulating was consistently associated to a lower risk
of both MCI and dementia [50-54]. Activities, such as reading, playing games, attending
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museums or concerts, volunteering, and making music, were all associated with protective
effects [50,53,55].

Fratiglioni et al. [56] emphasized that the social, cognitive, and physical dimensions
of lifestyle, each contributed to reducing the risk of dementia. Importantly, many of these
activities were multidimensional in nature. For instance, social participation often provided
cognitive stimulation, while group-based physical activities, such as aerobics or tai chi,
combine physical exercise embraced the social and mental engagement [57-59]. Rather than
the specific type of activity undertaken, several studies suggested that the diversity and
breadth of engagement may be particularly critical for reducing dementia vulnerability [60].

Experiences and abilities established early in life were shown to influence the likeli-
hood of developing cognitive impairment in later years with some associations persisting
even after accounting for adult educational or occupational achievements [61,62]. Evidence
suggested that stronger childhood academic performance, higher cognitive test scores
at age 11, greater socioeconomic resources during childhood, and more complex written
expression by early adulthood were all associated with a reduced risk of dementia [63-65].
In contrast, exposure to early adversity, such as parental loss, was associated with a higher
prevalence of Alzheimer’s dementia [66,67]. Developmental factors before birth may also
shape late-life vulnerability; lower birth weight and smaller head circumference were
both implicated as potential risk markers for dementia [68]. Findings on bilingualism,
however, remained inconsistent. While some reports suggested protective effects, a recent
meta-analysis concluded that bilingualism did not significantly reduce the risk of cognitive
decline or dementia [69,70].

Collectively, the evidence indicated that the elevated performance on CR proxy mea-
sures was consistently associated with a reduced risk of MCI and dementia [32,33]. If one
assumed that neuropathological burden accrued at a comparable rate across individuals,
these findings indirectly suggested that persons with higher levels of CR could tolerate
greater neuropathology before clinical symptoms or functional decline emerge [19,22,29].
This interpretation aligned closely with the reserve framework outlined in prior theoretical
models [15].

Social Cognitive Reserve Proxies and Cognitive Decline in Cohort Studies

Previous peer-reviewed publications demonstrated that higher levels of CR, opera-
tionalized through proxy indicators, were strongly correlated to better cognitive perfor-
mance in midlife and older adulthood [71,72]. Commonly used proxies included years
of formal education, occupational attainment, and socioeconomic status, as well as par-
ticipation in cognitively, socially, and physically enriching leisure activities [51-61,71,72].
According to Stern’s model of CR, individuals with greater reserve consistently outper-
formed those with lower reserve, as aging and neuropathological processes advance [19].
The framework further positioned that higher CR enabled individuals to tolerate greater
levels of pathology before manifesting clinical symptoms, thereby delaying the emergence
of cognitive and functional decline [15,19,22]. Several longitudinal studies revealed that
higher CR was associated with a postponed onset of MCI, dementia, and measurable
cognitive decline [29,73,74].

Findings on the influence of CR on longitudinal patterns of cognitive change remained
inconsistent. Some investigations demonstrated that higher CR was associated with slower
rates of decline, whereas others reported steeper declines among individuals with greater
CR, at least on specific cognitive measures [15,22,32,73,75]. Still other studies observed the
initial differences in baseline cognitive performance by CR level, yet found no significant
variation in subsequent trajectories of decline [76-78]. Multiple influences, including cohort
characteristics, methodological approaches, and measurement strategies, likely shaped
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discrepancies in the literature regarding CR and longitudinal clinical or cognitive outcomes.
A notable limitation of many studies was the inclusion of participants, whom were non-
demented at baseline, a group often comprising both cognitively normal individuals and
those with MCI. These subgroups differed in important respects, such as baseline cognitive
ability, levels of CR, and extent of underlying neuropathology, which may confound the
subsequent cognitive and clinical trajectories [47-49,55].

Evidence from studies that stratified by clinical impairment at baseline or the follow-up
suggested a nuanced pattern. In individuals, whom progressed to MCI or dementia, higher
CR was frequently noticeable with steeper rates of cognitive decline, once clinical symptoms
emerged [15,19,79,80], consistent with Stern’s reserve framework [19]. In contrast, among
older adults, who did not have dementia, CR appeared to have a lesser influence on
the rate of decline. Instead, its effect may manifest through maintaining higher levels of
performance, despite gradual accumulation of pathology, thereby delaying the threshold at
which impairment became clinically evident [36,73]. Variability across studies may also
reflect differences in demographic composition and study design, including participants’
baseline age and the duration of longitudinal follow-up. A more critical synthesis suggested
that heterogeneity in post-onset decline may reflect several interacting moderator variables,
rather than true contradictions in the literature. Differences in underlying pathology
burden appeared to be central; individuals with high CR may show slower decline when
amyloid/tau levels or atrophy rates were modest, but steeper decline once neuropathology
exceeded a compensatory threshold, a phenomenon consistent with the “CR Overload”
or “threshold” model [81]. Follow-up duration also contributed to inconsistent findings,
as short intervals may predominantly captured the pre-threshold stability in high-CR
individuals, whereas longer follow-up periods were more likely to detect the accelerated
decline that occurred once compensatory mechanisms failed [82]. Variability in cohort
characteristics, including baseline diagnostic status and age, further moderated trajectories
by influencing both the onset and timing of compensatory exhaustion [83,84]. Considering
these moderators provided a better coherent explanatory account for observed divergent
longitudinal patterns across studies.

Cohorts recruited in midlife often required an extended observation periods before
measurable cognitive decline emerges, whereas studies involving older populations may
be influenced by selective survival effects that attenuated the observed associations [61,75].
Figure 3a,b illustrated these conceptual trajectories, demonstrating how cognitive reserve
modulated the relationship between pathology progression, age, and performance, thereby
delaying impairment onset and shaping post-onset decline patterns.

Methodological constraints likely contributed to the inconsistencies reported across
studies [15,19,23,28,31,46,77]. As indicated in prior reviews, several early investigations
suffered from statistical limitations that may have biased their conclusions [32,43]. Only
a small number of studies [71,78] were sufficiently powered to assess the impact of very
low levels of CR, which restricted the applicability of findings to broader populations.
This limitation may reflect both methodological choices and sample characteristics [77].
Variation in how CR was measured and operationalized also presented a significant source
of inconsistency [80]. Studies often differed in the selection, collection, and analytical
treatment of proxy variables, which complicated cross-study comparisons and potentially
obscures true associations [85,86]. Lastly, epidemiologic research on cognitive reserve was
typically constrained by insufficient measures of underlying pathology or age-related brain
alterations [16]. Consequently, these studies were unable to directly assess the impact
of CR on the relationship between age- and disease-related brain changes and cognitive
performance, nor did they elucidate the mechanisms that underlied CR [87].
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Figure 3. Conceptual models illustrating how CR modified the association between cognitive perfor-
mance, pathology progression, and age. (a) pathology-based model; the curve showed hypothetical
trajectories of Cognitive Performance (y-axis, arbitrary scale 20-120) against Pathology Progression
(x-axis, 0-10 units). Individuals with low CR (gray line) exhibited an earlier and smoother decline,
while those with high CR (blue lines) maintained higher cognitive function and reached the im-
pairment threshold (dashed line = 60) later. High CR may present as a later onset of decline, a
slower rate of deterioration, or, once compensatory mechanisms were exceeded, a steeper post-onset
decline [15,19,22]. These variations indicated that observed differences across studies may depend on
which segment of the cognitive trajectory was captured. (b) lifespan-based model; the trajectories plot
Cognitive Performance (y-axis, 20-120) against age (years, 0-90). The high-CR line (green) remained
the elevated relative to the low-CR line (red), demonstrating how protective factors, such as education,
complex occupations, and cognitively stimulating lifestyles, preserve function and delay the onset of
impairment. In contrast, risk factors, such as genetic susceptibility, neuropathology, and poor health
accelerate, declined and led to the emergence of symptoms at an earlier stage [49,53-56,64]. Note:
Early onset indicated that cognitive decline began at a younger age or earlier stage of pathology,
whereas late onset reflected a delayed emergence of impairment due to higher cognitive reserve and
greater resilience to brain changes. Abbreviations: CR, Cognitive Reserve.
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Growing evidence indicated that cognitive reserve was not only shaped by lifetime
sociobehavioral experiences, but could also be enhanced through targeted interventions in
later life. Recent multidomain trials by Marselli et al. [88] demonstrated that structured
cognitive training, when combined with physical activity and lifestyle modifications, could
enhance cognitive performance and potentially slowed the progression toward MCI or
dementia. These findings indicated the modifiable nature of CR and reinforced the potential
of preventive strategies that promoted the sustained cognitive engagement, social participa-
tion, and healthy behaviors. When interpreting CR proxies, it was also essential to consider
cultural, socioeconomic, and educational contexts, as years of schooling, literacy, occupa-
tional complexity, and leisure opportunities varied substantially across global populations.
Differences in education quality, informal learning environments, and linguistic or cultural
practices could influence both the validity and generalizability of CR measures. Incorpo-
rating culturally sensitive indicators and adjusting for educational quality will therefore
enhance the accuracy of CR estimation and improve cross-population comparability.

6. Residual Variance Approaches to Cognitive Reserve

Residual variance methods estimated CR using a statistical modeling framework that
isolated the portion of cognitive performance, not explained by brain structure, pathology,
or demographic factors [76,89]. In this approach, researchers constructed the regression
or structural equation models, in which cognitive outcomes, commonly episodic memory,
executive function, or global cognition, were predicted from brain integrity markers, such
as hippocampal volume, cortical thickness, amyloid or tau burden, and white matter
hyperintensities, together with covariates like age, sex, and education [87,89]. The residuals,
defined as the difference between observed and predicted cognitive scores, represented the
“better-than-expected” performance given an individual’s neural status and demographic
profile [19,86]. These residuals were interpreted as an empirical index of reserve capacity,
reflecting latent resilience mechanisms that enabled the maintained cognitive function,
despite equivalent neuropathological load [78,87].

Statistically, this method captured interindividual variability that remained, after ac-
counting for known structural or molecular determinants of cognition [88,90]. Unlike proxy
measured that relied on life experience indicators (e.g., education or occupation), the resid-
ual variance approach quantified CR directly within the data-generating model, providing
an individualized and continuous estimate of reserve [87]. Cross-sectional studies em-
ploying this framework consistently reported that individuals with higher residual-based
CR exhibited superior performance across multiple domains, despite comparable brain
atrophy or amyloid deposition [73,87,91]. Reed et al. [78] demonstrated that residual mem-
ory variance predicted the global cognitive outcomes independently of gray matter loss,
while subsequent work confirmed that higher residual CR was associated with preserved
executive and global functioning in both MCI and AD cohorts.

Nevertheless, the residual approach presented important methodological consider-
ations. Because residuals were mathematically derived from cognitive scores, they may
remain correlated with the original cognitive variable and could absorb unexplained mea-
surement error or unmeasured neural influences [40]. The validity of residual-based CR
indices depended critically on the completeness and reliability of the predictor set. The
omission of key neuropathological or neurobiological variables may distort residual esti-
mates, thereby conflating measurement error with genuine reserve effects [19,40,87,91].

Longitudinal Evidence for Residual-Based Cognitive Reserve

Longitudinal applications of residual variance models extended this framework by
examining how “better-than-expected” cognitive performance predicted future trajectories
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of decline. In these studies, linear mixed-effects models and latent growth-curve analyses
were typically employed to estimate within-individual change in cognition over time, while
residual-based CR was entered, as a moderator or predictor of slope and intercept parame-
ters [34,39,92]. Zahodne et al. [89] applied a mixed-effects modeling to demonstrated that
higher residual memory variance at baseline predicted a slower rate of global cognitive
decline over three years, supporting the interpretation of CR, as a dynamic resilience factor
rather than a static trait. Similarly, Soldan et al. [39] and Gallo et al. [34] demonstrated
that residual-based CR moderated the longitudinal relationship between brain integrity
and cognition, attenuating the impact of cortical thinning and hippocampal atrophy on
cognitive decline and lowering the likelihood of conversion from normal cognition to
MCI or dementia. More recent research, as reported by Levin et al. [93], integrated the
residual-derived CR within multimodal longitudinal frameworks, revealing that reserve
interacted with metabolic and structural Alzheimer’s subtypes, suggesting heterogeneous
compensatory mechanisms across disease phenotypes. Despite these advances, longitu-
dinal research remained to be constrained by short follow-up durations and reliance on
single-domain residuals, most often derived from episodic memory tasks.

A more critical view of the residual-variance framework revealed methodological
challenges that limited its validity as an indicator of CR. Because residuals were mathemat-
ically tied to both the cognitive outcome and the predictor set, they inevitably incorporated
measurement error, fluctuations in non-specific cognitive states (e.g., fatigue, alertness,
mood), and the influence of unmeasured confounding variables [94]. When key biomarkers,
such as vascular, metabolic, or network-level measures, were omitted, residual estimates
may be artificially inflated by variance attributable to these missing factors rather than
by reserve itself. Consequently, residual-based indices often represented a composite of
compensatory processes, noise, and unmeasured pathology rather than a direct estimate of
CR capacity. Recognizing these statistical and interpretive constraints was essential, when
applying or comparing residual-variance approaches in studies of cognitive aging and
dementia. Future studies should implement time-varying residuals, multidomain cognitive
composites, and biomarker-coupled longitudinal models to capture the evolving nature of
reserve as pathology progresses.

7. Neurobiological Indicator Approaches to Cognitive Reserve

Most biomarker studies examining CR were conducted in cross-sectional designs [19,27].
Across both cognitively unimpaired individuals and those with MCI or dementia, findings
consistently indicate that CR, typically operationalized through proxy measures, modifies
the association between cognition or clinical outcomes and markers of neuropathology [39].
Evidence demonstrated such moderating effects across multiple modalities, including
amyloid deposition, tau pathology, structural atrophy assessed with MRI, white matter
hyperintensities (WMH), glucose metabolism measured with fluorodeoxyglucose positron
emission tomography (FDG-PET), and cerebral perfusion [94-97]. These observations
suggested that age- and disease-related brain alterations had a weaker effect on cognitive
performance in individuals with higher CR. Nevertheless, results among cognitively normal
populations were less consistent from several studies reporting better equivocal evidence
of moderation [95,97].

Cross-sectional evidence also lends substantial support to the view that proxy indi-
cators of CR correspond with markers of neural and brain reserve. Reported associations
span multiple domains, including neural efficiency and capacity, structural indices such as
global brain volume and white matter integrity, neurotransmission processes, and measures
of cerebrovascular health [98-100].



Diagnostics 2025, 15, 3068

13 of 20

Extending this work to large-scale population neuroimaging, DeJong et al. [41] demon-
strated that white matter structural connectivity was an important substrate of cognitive
resilience in middle-aged adults. In a cohort of nearly 4800 participants from the Maas-
tricht study, greater global node degree attenuated the negative associations between brain
atrophy, cerebral small vessel disease markers, and composite cognitive performance, such
that individuals with high damage but dense connectivity networks exhibited near-normal
cognitive performance. These findings support a “neural reserve” perspective in which the
organization and robustness of large-scale structural networks confer resilience to vascular
and neurodegenerative brain changes, complementing proxy-based and residual-variance
approaches by providing a biologically grounded indicator of reserve capacity [41].

Functional MRI studies provided illustrative examples: individuals with higher CR
appeared capable of compensating for age- or disease-related neural alterations by recruit-
ing alternative mechanisms in response to cognitive demands [22,100]. Collectively, such
findings elucidate the neurobiological mechanisms underlying CR and suggested potential
pathways through which brain reserve may be enhanced [27,96-98]. Nevertheless, the
evidence leading CR proxies directly to the degree of disease-related pathology remains
mixed and inconclusive [96]. Cross-sectional biomarker studies were limited as they did
not permit inferences regarding the direction of causality among the relationships between
cognitive reserve, brain integrity, and cognition [95,96]. Furthermore, they did not facilitate
an assessment of how proxy measures of cognitive reserve influence cognitive decline and
clinical impairment during neuropathological and age-related brain alterations, nor did
they clarify their direct effects on the rates of change in biomarkers over time.

A more integrated neurobiological framework suggested that neural efficiency and
neural compensation may operate at different stages of AD pathology rather than function-
ing as interchangeable mechanisms. In preclinical or early-pathology stages, individuals
with higher CR may exhibit greater neural efficiency, characterized by reduced activa-
tion in task-relevant regions for equivalent performance, reflecting optimized network
utilization [15]. As pathology progresses, efficiency alone becomes insufficient, and indi-
viduals increasingly rely on compensatory network recruitment, including upregulation of
frontoparietal control regions or bilateral activation patterns [15,23]. In later stages, as neu-
rodegeneration intensifies and network integrity deteriorates, compensatory mechanisms
may reach their limits, resulting in “compensation failure” and accelerated cognitive decline
despite high CR [15,28,35]. This stage-dependent trajectory provided a more systematic
conceptual model for interpreting heterogeneous neuroimaging findings and clarifies how
CR-related mechanisms evolve across the AD continuum.

Longitudinal Studies of Neurobiological Indicators

Relatively few longitudinal investigations were explored how CR interacts with AD
biomarkers to influence cognitive and clinical trajectories. Evidence synthesized by Sol-
dan et al. [73] suggested that the protective role of CR in delaying the progression from
normal cognition to MCI was mainly independent of amyloid burden, as measured by
cerebrospinal fluid (CSF) A levels. Instead, CR and amyloid contribute additively to risk
reduction. By contrast, some studies suggested that the protective effects of CR diminish as
markers of neuronal injury, such as CSF total tau and MRI-based atrophy, become more
pronounced [92]. However, this pattern suggested that the mechanisms underlying CR’s
benefits may lose efficacy as neurodegeneration advances, or that these compensatory
processes progressively deteriorate with disease progression [25]. Among individuals
with MCI, studies indicate that for a given degree of cortical thinning, those with higher
educational attainment experience a longer dementia-free interval compared to those with
lower educational attainment [93]. Additional evidence suggested that education may also



Diagnostics 2025, 15, 3068

14 of 20

mitigate the detrimental effects of WMH on the risk of MCI and dementia [25]. In contrast,
late-life engagement in leisure activities did not show to moderated the association between
AD biomarkers and progression to dementia in non-demented cohorts [99].

In cognitively normal populations or those without dementia, evidence suggested
that the beneficial effects of CR on cognitive performance were mainly independent of
baseline AD biomarkers and cerebrovascular pathology [21,89,92]. However, it remains
uncertain to what extent CR proxy measures moderated the relationship between biomarker
burden and subsequent rates of cognitive decline from effects likely influenced by both
clinical status and severity of pathology [100]. Previous study reported that higher CR
was associated to accelerated decline following symptom onset among individuals who
later progressed to MCI or dementia but showed no effect on trajectories in those who
remained cognitively normal, regardless of baseline biomarker levels [21]. Similarly, across
the AD spectrum, higher educational attainment was associated with equivalent or slower
decline when atrophy rates were low, but with steeper decline, when atrophy rates reached
levels characteristic of dementia [92]. These findings align with Stern’s model of CR [19],
emphasizing the need to account for diagnostic status at both baseline and follow-up, as
well as biomarker severity, when evaluating the effects of CR.

Several studies investigated the association between CR proxy variables and longitu-
dinal changes in AD and related biomarkers. In middle-aged and older adults who did not
have dementia, greater physical activity was frequently correlated to reduced brain atrophy
over time, although findings remain inconsistent [58,101-103]. Higher levels of physical
fitness and engagement in social activities had similarly been associated with less decline
in white matter microstructural integrity [104,105]. By contrast, studies evaluating other
CR proxies, such as cognitive activities, education, occupation, and literacy in relation to
rates of change in AD biomarkers and structural measures, yielded mixed results. While
some reports suggested that higher CR was associated with attenuated decline in CSF Af3
and hippocampal volume, other investigations found no relationship between CR proxies
and changes in amyloid burden, medial temporal lobe atrophy, fluorodeoxyglucose (FDG)
metabolism, or CSF tau and p-tau levels [106,107]. Among individuals with AD dementia,
higher educational attainment was paradoxically associated with greater cortical thinning
and larger decreases in cerebral blood flow over time [43,44,79,107].

Current findings suggested that higher levels of physical activity may help mitigate
structural brain changes over time in non-demented populations, including reduced at-
rophy and preserved white matter microstructure [41,101,102,107]. In contrast, evidence
for the influence of other CR proxies, residual variance approaches, and neurobiological
indicators on longitudinal trajectories of AD biomarkers or brain structure and function
remains limited and inconsistent. Notably, most available studies were constrained by
relatively short follow-up periods for biomarker assessment (2—4 years), which limit the
conclusions that could be drawn about long-term effects [108,109].

A further limitation of longitudinal CR research concerns the substantial temporal
gap between the establishment of CR proxies and the onset of neuropathological change
in older adulthood. Static, early-life indicators such as education or childhood cognitive
performance may be separated from AD-related pathology by several decades, complicating
causal interpretation [98]. These temporal lags raise the possibility of reverse causality,
whereby lower early cognitive ability contributed to both reduced educational attainment
and heightened vulnerability to later-life neuropathology, rather than education exerting
a protective effect [110]. Moreover, many longitudinal cohorts begin observation after
pathological processes were already underway, limiting the ability to disentangle the
timing and directionality of associations between CR proxies, brain changes, and cognitive
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trajectories. Acknowledging these temporal and methodological constraints was essential
for interpreting the effects of proxy-based CR within aging populations.

8. Summary

CR emerged as a central explanatory construct for understanding why individuals
with comparable neuropathological burden exhibited divergent cognitive and clinical
trajectories. Evidence synthesized from sociobehavioral, residual variance, and neuro-
biological studies consistently indicated that higher CR enhanced resilience to age- and
disease-related brain changes, moderating both the level and rate of cognitive decline.
Sociobehavioral proxies, such as educational level, occupational complexity, bilingualism,
and engagement in cognitively enriching activities, captured the life-course experiences
that fosterd the reserve capacity; however, they provided only indirect estimates of its un-
derlying neural mechanisms. Complementing these traditional proxies, residual variance
approaches offered a quantitatively precise method by identifying “better-than-expected”
cognitive performance beyond that predicted from brain integrity or biomarker measures,
thereby capturing the statistical expression of latent resilience. Longitudinal evidence
further supported the view that CR was a dynamic rather than static construct with higher
residual-based reserve predicting slower decline, delayed onset of MCI and AD, and
superior functional outcomes over time.

Converging neuroimaging, electrophysiological, and genetic findings highlight the
biological substrates through which CR exerts its effects, enhancing neural efficiency,
network flexibility, and compensatory recruitment to maintain cognitive performance in
the face of pathology. Nonetheless, variability in operational definitions, measurement
frameworks, and analytical models continued to challenge comparability across studies.
Future research should prioritize integrative, multimodal, and longitudinal designs that
combine sociobehavioral proxies, residual variance metrics, and neurobiological indicators
to elucidate the mechanisms through which reserve develops, adapts, and was maintained
across the lifespan. Establishing unified and validated models of CR will be essential for
translating the theoretical insights into practical interventions that strengthen cognitive
resilience, delay clinical manifestation of dementia, and promote healthy cognitive aging.
Ultimately, CR should be viewed not only as a theoretical moderator of brain-behavior
relationships, but also as a modifiable target for preventive and therapeutic strategies in
neurodegenerative diseases. Although many traditional CR proxies, such as education or
childhood cognitive ability, were largely fixed in later life, several lifestyle and experiential
factors remained meaningfully modifiable. Activities that involved the sustained cognitive
engagement, physical exercise, and social participation could enhance adaptive neural
processes and bolster compensatory capacity, even in older adulthood. These later-life
influences did not alter structural reserve, but could strengthen functional resilience, sup-
porting the view that CR retained the translational relevance, as a target for preventive and
therapeutic strategies.

Author Contributions: Methodology, C.S.; validation, Y.C.Y.; formal analysis, C.S.; writing—original
draft, C.S.; writing—review and editing, C.S. and Y.C.Y,; visualization, C.S.; supervision, S.S.A.A.
and Y.C.Y,; project administration, S.5.A.A. and Y.C.Y,; funding acquisition, S.5.A.A. and Y.C.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (2021R1A6A1A03038996)
and by the Gachon University research fund of 2025 (GCU-202503210001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Diagnostics 2025, 15, 3068 16 of 20

Data Availability Statement: The data supporting the findings of this study were available upon
reasonable request from the corresponding author Y.C.Y. via email. Due to confidentiality agreements
and institutional policies protecting sensitive patient information from the hospital where the study
was conducted, the data cannot be made publicly available. Requests will be evaluated to ensure
compliance with ethical and legal standards.

Acknowledgments: Gachon University supported this research, and we thank the Department of
Neurology at Chung-Ang University Hospital for providing the necessary tools for its success.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  GBD 2019 Dementia Forecasting Collaborators. Estimation of the global prevalence of dementia in 2019 and forecasted prevalence
in 2050: An analysis for the Global Burden of Disease Study 2019. Lancet Public Health 2022, 7, e105-€125. [CrossRef]

2. Alzheimer’s Association. 2024 Alzheimer’s disease facts and figures. Alzheimer’s Dement. ]. Alzheimer’s Assoc. 2024, 20, 3708-3821.
[CrossRef] [PubMed]

3. Jessen, F.; Amariglio, R.E.; van Boxtel, M.; Breteler, M.; Ceccaldi, M.; Chételat, G.; Dubois, B.; Dufouil, C.; Ellis, K.A.; van der Flier,
W.M.; et al. Subjective Cognitive Decline Initiative (SCD-I) Working Group. A conceptual framework for research on subjective
cognitive decline in preclinical Alzheimer’s disease. Alzheimer’s Dement. |. Alzheimer’s Assoc. 2014, 10, 844-852. [CrossRef]
[PubMed]

4. Molinuevo, J.L.; Rabin, L.A.; Amariglio, R.; Buckley, R.; Dubois, B.; Ellis, K.A.; Ewers, M.; Hampel, H.; Kloppel, S.; Rami, L.;
et al. Subjective Cognitive Decline Initiative (SCD-I) Working Group. Implementation of subjective cognitive decline criteria in
research studies. Alzheimer’s Dement. |. Alzheimer’s Assoc. 2017, 13, 296-311. [CrossRef]

5. Jongsiriyanyong, S.; Limpawattana, P. Mild Cognitive Impairment in Clinical Practice: A Review Article. Am. J. Alzheimer’s Dis.
Other Dement. 2018, 33, 500-507. [CrossRef]

6.  Safiri, S.; Ghaffari Jolfayi, A.; Fazlollahi, A.; Morsali, S.; Sarkesh, A.; Daei Sorkhabi, A.; Golabi, B.; Aletaha, R.; Motlagh Asghari, K.;
Hamidi, S.; et al. Alzheimer’s disease: A comprehensive review of epidemiology, risk factors, symptoms diagnosis, management,
caregiving, advanced treatments and associated challenges. Front. Med. 2024, 11, 1474043. [CrossRef]

7. Tenchov, R.; Sasso, ].M.; Zhou, Q.A. Alzheimer’s Disease: Exploring the Landscape of Cognitive Decline. ACS Chem. Neurosci.
2024, 15, 3800-3827. [CrossRef] [PubMed]

8. Maérquez, F,; Yassa, M.A. Neuroimaging Biomarkers for Alzheimer’s Disease. Mol. Neurodegener. 2019, 14, 21. [CrossRef]

9. Lai, R,; Li, B.; Bishnoi, R. P-tau217 as a Reliable Blood-Based Marker of Alzheimer’s Disease. Biomedicines 2024, 12, 1836.
[CrossRef]

10. Khan, S.; Barve, K.H.; Kumar, M.S. Recent Advancements in Pathogenesis, Diagnostics and Treatment of Alzheimer’s Disease.
Curr. Neuropharmacol. 2020, 18, 1106-1125. [CrossRef]

11.  Jack, C.R,, Jr.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, E.;
Karlawish, J.; et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimer’s Dement. ].
Alzheimer’s Assoc. 2018, 14, 535-562. [CrossRef]

12.  Huszar, Z.; Solomon, A.; Engh, M.A_; Koszovécz, V.; Terebessy, T.; Molndr, Z.; Hegyi, P.; Horvéth, A.; Mangialasche, F.; Kivipelto,
M.; et al. Association of modifiable risk factors with progression to dementia in relation to amyloid and tau pathology. Alzheimer’s
Res. Ther. 2024, 16, 238. [CrossRef]

13.  Ornish, D.; Madison, C.; Kivipelto, M.; Kemp, C.; McCulloch, C.E.; Galasko, D.; Artz, J.; Rentz, D.; Lin, J.; Norman, K.; et al.
Effects of intensive lifestyle changes on the progression of mild cognitive impairment or early dementia due to Alzheimer’s
disease: A randomized, controlled clinical trial. Alzheimer’s Res. Ther. 2024, 16, 122. [CrossRef]

14. Zhang, J.; Zhang, Y.; Wang, ].; Xia, Y.; Zhang, J.; Chen, L. Recent advances in Alzheimer’s disease: Mechanisms, clinical trials and
new drug development strategies. Signal Transduct. Target. Ther. 2024, 9, 211. [CrossRef]

15. Stern, Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol. 2012, 11, 1006-1012. [CrossRef]

16. Arenaza-Urquijo, E.M.; Vemuri, P. Resistance vs resilience to Alzheimer disease: Clarifying terminology for preclinical studies.
Neurology 2018, 90, 695-703. [CrossRef]

17. Ritchie, K.; Carriere, I; Berr, C.; Amieva, H.; Dartigues, ].F.; Ancelin, M.L.; Ritchie, C.W. The clinical picture of Alzheimer’s
disease in the decade before diagnosis: Clinical and biomarker trajectories. J. Clin. Psychiatry 2016, 77, e305-e311. [CrossRef]
[PubMed]

18. Boyle, PA,; Yu, L.; Wilson, R.S,; Leurgans, S.E.; Schneider, J.A.; Bennett, D.A. Person-specific contribution of neuropathologies to

cognitive loss in old Age. Ann. Neurol. 2018, 83, 74-83. [CrossRef] [PubMed]


https://doi.org/10.1016/S2468-2667(21)00249-8
https://doi.org/10.1002/alz.13809
https://www.ncbi.nlm.nih.gov/pubmed/38689398
https://doi.org/10.1016/j.jalz.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24798886
https://doi.org/10.1016/j.jalz.2016.09.012
https://doi.org/10.1177/1533317518791401
https://doi.org/10.3389/fmed.2024.1474043
https://doi.org/10.1021/acschemneuro.4c00339
https://www.ncbi.nlm.nih.gov/pubmed/39392435
https://doi.org/10.1186/s13024-019-0325-5
https://doi.org/10.3390/biomedicines12081836
https://doi.org/10.2174/1570159X18666200528142429
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1186/s13195-024-01602-9
https://doi.org/10.1186/s13195-024-01482-z
https://doi.org/10.1038/s41392-024-01911-3
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1212/WNL.0000000000005303
https://doi.org/10.4088/JCP.15m09989
https://www.ncbi.nlm.nih.gov/pubmed/26891108
https://doi.org/10.1002/ana.25123
https://www.ncbi.nlm.nih.gov/pubmed/29244218

Diagnostics 2025, 15, 3068 17 of 20

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Stern, Y.; Arenaza-Urquijo, E.M.; Bartrés-Faz, D.; Belleville, S.; Cantilon, M.; Chetelat, G.; Ewers, M.; Franzmeier, N.; Kempermann,
G.; Kremen, WS,; et al. Whitepaper: Defining and investigating cognitive reserve, brain reserve, and brain maintenance.
Alzheimer’s Dement. |. Alzheimer’s Assoc. 2020, 16, 1305-1311. [CrossRef] [PubMed]

Savarimuthu, A.; Ponniah, R.J. Cognition and Cognitive Reserve. Integr. Psychol. Behav. Sci. 2024, 58, 483-501. [CrossRef]
Vemuri, P; Weigand, S.D.; Przybelski, S.A.; Knopman, D.S.; Smith, G.E.; Trojanowski, ].Q.; Shaw, L.M.; Decarli, C.S.; Carmichael,
O.; Bernstein, M.A.; et al. Cognitive reserve and Alzheimer’s disease biomarkers are independent determinants of cognition.
Brain J. Neurol. 2011, 134 Pt 5, 1479-1492. [CrossRef] [PubMed]

Pettigrew, C.; Soldan, A. Defining Cognitive Reserve and Implications for Cognitive Aging. Curr. Neurol. Neurosci. Rep. 2019,
19, 1. [CrossRef]

Barulli, D.; Stern, Y. Efficiency, capacity, compensation, maintenance, plasticity: Emerging concepts in cognitive reserve. Trends
Cogn. Sci. 2013, 17, 502-509. [CrossRef]

Chapko, D.; McCormack, R.; Black, C.; Staff, R.; Murray, A. Life-course determinants of cognitive reserve (CR) in cognitive aging
and dementia—A systematic literature review. Aging Ment. Health 2018, 22, 915-926. [CrossRef]

van Loenhoud, A.C.; van der Flier, W.M.; Wink, A.M.; Dicks, E.; Groot, C.; Twisk, J.; Barkhof, E; Scheltens, P.; Ossenkoppele, R.;
Alzheimer’s Disease Neuroimaging Initiative. Cognitive reserve and clinical progression in Alzheimer disease: A paradoxical
relationship. Neurology 2019, 93, e334—e346. [CrossRef]

Li, Y; Ren, Y,; Cong, L.; Hou, T,; Song, L.; Wang, M.; Wang, X.; Han, X,; Tang, S.; Zhang, Q.; et al. Association of Lifelong
Cognitive Reserve with Dementia and Mild Cognitive Impairment among Older Adults with Limited Formal Education: A
Population-Based Cohort Study. Dement. Geriatr. Cogn. Disord. 2023, 52, 258-266. [CrossRef] [PubMed]

Pappalettera, C.; Carrarini, C.; Miraglia, F; Vecchio, F; Rossini, PM. Cognitive resilience/reserve: Myth or reality? A review of
definitions and measurement methods. Alzheimer’s Dement. |. Alzheimer’s Assoc. 2024, 20, 3567-3586. [CrossRef]

Stern, Y. Cognitive reserve and Alzheimer disease. Alzheimer Dis. Assoc. Disord. 2006, 20, 112-117. [CrossRef] [PubMed]
Pettigrew, C.; Nazarovs, J.; Soldan, A.; Singh, V.; Wang, J.; Hohman, T.; Dumitrescu, L.; Libby, ].; Kunkle, B.; Gross, A.L.; et al.
Alzheimer’s disease genetic risk and cognitive reserve in relationship to long-term cognitive trajectories among cognitively
normal individuals. Alzheimer’s Res. Ther. 2023, 15, 66. [CrossRef]

Cabeza, R.; Albert, M.; Belleville, S.; Craik, E1M.; Duarte, A.; Grady, C.L.; Lindenberger, U.; Nyberg, L.; Park, D.C.; Reuter-Lorenz,
P.A; et al. Maintenance, reserve and compensation: The cognitive neuroscience of healthy ageing. Nat. Rev. Neurosci. 2018, 19,
701-710. [CrossRef]

Song, S.; Stern, Y.; Gu, Y. Modifiable lifestyle factors and cognitive reserve: A systematic review of current evidence. Ageing Res.
Rev. 2022, 74, 101551. [CrossRef] [PubMed]

Valenzuela, M.J.; Sachdev, P. Brain reserve and cognitive decline: A non-parametric systematic review. Psychol. Med. 2006, 36,
1065-1073. [CrossRef]

Aichele, S.R. Cognitive reserve as residual variance in cognitive performance: Latent dimensionality, correlates, and dementia
prediction. . Int. Neuropsychol. Soc. 2024, 30, 746-754. [CrossRef]

Gallo, F,; Kalpouzos, G.; Laukka, E.J.; Wang, R.; Qiu, C.; Bickman, L.; Marseglia, A.; Fratiglioni, L.; Dekhtyar, S. Cognitive
Trajectories and Dementia Risk: A Comparison of Two Cognitive Reserve Measures. Front. Aging Neurosci. 2021, 13, 737736.
[CrossRef]

Gazes, Y.; Lee, S.; Fang, Z.; Mensing, A.; Noofoory, D.; Hidalgo Nazario, G.; Babukutty, R.; Chen, B.B.; Habeck, C.; Stern, Y. Effects
of Brain Maintenance and Cognitive Reserve on Age-Related Decline in Three Cognitive Abilities. J. Gerontol. Ser. B Psychol. Sci.
Soc. Sci. 2023, 78, 1284-1293. [CrossRef]

Morganti, F.; Negri, I. How Cognitive Reserve Could Protect from Dementia? An Analysis of Everyday Activities and Social
Behaviors During Lifespan. Brain Sci. 2025, 15, 652. [CrossRef] [PubMed]

Vemuri, P.; Lesnick, T.G.; Przybelski, S.A.; Machulda, M.; Knopman, D.S.; Mielke, M.M.; Roberts, R.O.; Geda, Y.E.; Rocca, WA ;
Petersen, R.C.; et al. Association of lifetime intellectual enrichment with cognitive decline in the older population. JAMA Neurol.
2014, 71, 1017-1024. [CrossRef] [PubMed]

Xu, W,; Tan, L.; Wang, HF; Tan, M.S,; Tan, L.; Li, ].Q.; Zhao, Q.F; Yu, J.T. Education and Risk of Dementia: Dose-Response
Meta-Analysis of Prospective Cohort Studies. Mol. Neurobiol. 2016, 53, 3113-3123. [CrossRef]

Soldan, A.; Pettigrew, C.; Cai, Q.; Wang, J.; Wang, M.C.; Moghekar, A.; Miller, M.I,; Albert, M.; BIOCARD Research Team.
Cognitive reserve and long-term change in cognition in aging and preclinical Alzheimer’s disease. Neurobiol. Aging 2017, 60,
164-172. [CrossRef]

Franzmeier, N.; Duering, M.; Weiner, M.; Dichgans, M.; Ewers, M.; Alzheimer’s Disease Neuroimaging Initiative (ADNI). Left
frontal cortex connectivity underlies cognitive reserve in prodromal Alzheimer disease. Neurology 2017, 88, 1054-1061. [CrossRef]
DeJong, N.R.; Jansen, ].F.A.; van Boxtel, M.PJ.; Schram, M.T.; Stehouwer, C.D.A.; Dagnelie, P.C.; van der Kallen, C.J.H.; Kroon,
A.A.; Wesselius, A.; Koster, A; et al. Cognitive resilience depends on white matter connectivity: The Maastricht Study. Alzheimer’s
Dement. J. Alzheimer’s Assoc. 2023, 19, 1164-1174. [CrossRef]


https://doi.org/10.1016/j.jalz.2018.07.219
https://www.ncbi.nlm.nih.gov/pubmed/30222945
https://doi.org/10.1007/s12124-024-09821-3
https://doi.org/10.1093/brain/awr049
https://www.ncbi.nlm.nih.gov/pubmed/21478184
https://doi.org/10.1007/s11910-019-0917-z
https://doi.org/10.1016/j.tics.2013.08.012
https://doi.org/10.1080/13607863.2017.1348471
https://doi.org/10.1212/WNL.0000000000007821
https://doi.org/10.1159/000532131
https://www.ncbi.nlm.nih.gov/pubmed/37517389
https://doi.org/10.1002/alz.13744
https://doi.org/10.1097/01.wad.0000213815.20177.19
https://www.ncbi.nlm.nih.gov/pubmed/16772747
https://doi.org/10.1186/s13195-023-01206-9
https://doi.org/10.1038/s41583-018-0068-2
https://doi.org/10.1016/j.arr.2021.101551
https://www.ncbi.nlm.nih.gov/pubmed/34952208
https://doi.org/10.1017/S0033291706007744
https://doi.org/10.1017/S1355617724000353
https://doi.org/10.3389/fnagi.2021.737736
https://doi.org/10.1093/geronb/gbad044
https://doi.org/10.3390/brainsci15060652
https://www.ncbi.nlm.nih.gov/pubmed/40563822
https://doi.org/10.1001/jamaneurol.2014.963
https://www.ncbi.nlm.nih.gov/pubmed/25054282
https://doi.org/10.1007/s12035-015-9211-5
https://doi.org/10.1016/j.neurobiolaging.2017.09.002
https://doi.org/10.1212/WNL.0000000000003711
https://doi.org/10.1002/alz.12758

Diagnostics 2025, 15, 3068 18 of 20

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Xu, W,; Tan, L.; Wang, H.F; Jiang, T.; Tan, M.S.; Tan, L.; Zhao, Q.F; Li, ].Q.; Wang, J.; Yu, ].T. Meta-analysis of modifiable risk
factors for Alzheimer’s disease. |. Neurol. Neurosurg. Psychiatry 2015, 86, 1299-1306. [CrossRef]

Meng, X.; D’Arcy, C. Education and dementia in the context of the cognitive reserve hypothesis: A systematic review with
meta-analyses and qualitative analyses. PLoS ONE 2012, 7, e38268. [CrossRef] [PubMed]

Foverskov, E.; Glymour, M.M.; Mortensen, E.L.; Holm, A.; Lange, T.; Lund, R. Education and Cognitive Aging: Accounting for
Selection and Confounding in Linkage of Data From the Danish Registry and Survey of Health, Ageing and Retirement in Europe.
Am. J. Epidemiol. 2018, 187, 2423-2430. [CrossRef] [PubMed]

Menon, J.; Kantipudi, S.J.; Vinoth, S.; Kuchipudi, J.D. Prevalence of subjective cognitive decline and its association with physical
health problems among urban community dwelling elderly population in South India. Alzheimer’s Dement. J. Alzheimer’s Assoc.
2025, 21, e14505. [CrossRef] [PubMed]

Mizuno, A.; Karim, H.T.; Ly, M.]J.; Cohen, A.D.; Lopresti, B.].; Mathis, C.A.; Klunk, W.E.; Aizenstein, H.].; Snitz, B.E. An Effect of
Education on Memory-Encoding Activation in Subjective Cognitive Decline. . Alzheimer’s Dis. 2021, 81, 1065-1078. [CrossRef]
Manly, J.J.; Schupf, N.; Tang, M.X.; Stern, Y. Cognitive decline and literacy among ethnically diverse elders. J. Geriatr. Psychiatry
Neurol. 2005, 18, 213-217. [CrossRef]

Kavé, G.; Shrira, A.; Palgi, Y.; Spalter, T.; Ben-Ezra, M.; Shmotkin, D. Formal education level versus self-rated literacy as predictors
of cognitive aging. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2012, 67, 697-704. [CrossRef]

Barba, C.; Garcia, A.; Clay, O.].; Wadley, V.G.; Andel, R.; Davila, A.L.; Crowe, M. Quality of Education and Late-Life Cognitive
Function in a Population-Based Sample From Puerto Rico. Innov. Aging 2021, 5, igab016. [CrossRef]

Samuel, L.J.; Abshire Saylor, M.; Choe, M.Y.; Smith Wright, R.; Kim, B.; Nkimbeng, M.; Mena-Carrasco, F; Beak, J.; Szanton, S.L.
Financial strain measures and associations with adult health: A systematic literature review. Soc. Sci. Med. 2025, 364, 117531.
[CrossRef]

Andel, R.; Crowe, M.; Kareholt, I.; Wastesson, ].; Parker, M.G. Indicators of job strain at midlife and cognitive functioning in
advanced old Age. |. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2011, 66, 287-291. [CrossRef] [PubMed]

Pan, K.Y.; Xu, W.; Mangialasche, F.; Dekhtyar, S.; Fratiglioni, L.; Wang, H.X. Working Life Psychosocial Conditions in Relation to
Late-Life Cognitive Decline: A Population-Based Cohort Study. J. Alzheimer’s Dis. 2019, 67, 315-325. [CrossRef] [PubMed]
Smart, E.L.; Gow, A..; Deary, L.]. Occupational complexity and lifetime cognitive abilities. Neurology 2014, 83, 2285-2291.
[CrossRef] [PubMed]

Finkel, D.; Andel, R.; Gatz, M.; Pedersen, N.L. The role of occupational complexity in trajectories of cognitive aging before and
after retirement. Psychol. Aging 2009, 24, 563-573. [CrossRef]

Verghese, J.; Lipton, R.B.; Katz, M.].; Hall, C.B.; Derby, C.A.; Kuslansky, G.; Ambrose, A.F; Sliwinski, M.; Buschke, H. Leisure
activities and the risk of dementia in the elderly. N. Engl. ]. Med. 2003, 348, 2508-2516. [CrossRef]

Fratiglioni, L.; Paillard-Borg, S.; Winblad, B. An active and socially integrated lifestyle in late life might protect against dementia.
Lancet Neurol. 2004, 3, 343-353. [CrossRef]

James, B.D.; Wilson, R.S.; Barnes, L.L.; Bennett, D.A. Late-life social activity and cognitive decline in old age. J. Int. Neuropsychol.
Soc. 2011, 17,998-1005. [CrossRef]

Cunningham, C.; O’Sullivan, R.; Caserotti, P; Tully, M.A. Consequences of physical inactivity in older adults: A systematic review
of reviews and meta-analyses. Scand. |. Med. Sci. Sports 2020, 30, 816-827. [CrossRef]

Cui, L,; Tao, S.; Yin, H.C.; Shen, Q.Q.; Wang, Y.; Zhu, L.N.; Li, X.J. Tai Chi Chuan Alters Brain Functional Network Plasticity and
Promotes Cognitive Flexibility. Front. Psychol. 2021, 12, 665419. [CrossRef]

Marioni, R.E.; Proust-Lima, C.; Amieva, H.; Brayne, C.; Matthews, FE.; Dartigues, J.F.; Jacqmin-Gadda, H. Social activity, cognitive
decline and dementia risk: A 20-year prospective cohort study. BMIC Public Health 2015, 15, 1089. [CrossRef]

Richards, M.; Deary, 1]. A life course approach to cognitive reserve: A model for cognitive aging and development? Ann. Neurol.
2005, 58, 617-622. [CrossRef]

Whalley, L.].; Deary, L.].; Appleton, C.L.; Starr, ].M. Cognitive reserve and the neurobiology of cognitive aging. Ageing Res. Rev.
2004, 3, 369-382. [CrossRef]

Whalley, L.J.; Starr, ].M.; Athawes, R.; Hunter, D.; Pattie, A.; Deary, I]. Childhood mental ability and dementia. Neurology 2000, 55,
1455-1459. [CrossRef]

Huang, C. Time Spent on Social Network Sites and Psychological Well-Being: A Meta-Analysis. Cyberpsychol. Behav. Soc. Netw.
2017, 20, 346-354. [CrossRef]

Riley, K.P; Snowdon, D.A.; Desrosiers, M.F.,; Markesbery, W.R. Early life linguistic ability, late life cognitive function, and
neuropathology: Findings from the Nun Study. Neurobiol. Aging 2005, 26, 341-347. [CrossRef]

Norton, M.C.; Smith, K.R.; Ostbye, T.; Tschanz, ].T.; Schwartz, S.; Corcoran, C.; Breitner, J.C.; Steffens, D.C.; Skoog, I.; Rabins, P.V.;
et al. Early parental death and remarriage of widowed parents as risk factors for Alzheimer disease: The Cache County study.
Am. ]. Geriatr. Psychiatry 2011, 19, 814-824. [CrossRef]


https://doi.org/10.1136/jnnp-2015-310548
https://doi.org/10.1371/journal.pone.0038268
https://www.ncbi.nlm.nih.gov/pubmed/22675535
https://doi.org/10.1093/aje/kwy162
https://www.ncbi.nlm.nih.gov/pubmed/30099480
https://doi.org/10.1002/alz.14505
https://www.ncbi.nlm.nih.gov/pubmed/39935341
https://doi.org/10.3233/JAD-201087
https://doi.org/10.1177/0891988705281868
https://doi.org/10.1093/geronb/gbs031
https://doi.org/10.1093/geroni/igab016
https://doi.org/10.1016/j.socscimed.2024.117531
https://doi.org/10.1093/geronb/gbq105
https://www.ncbi.nlm.nih.gov/pubmed/21292810
https://doi.org/10.3233/JAD-180870
https://www.ncbi.nlm.nih.gov/pubmed/30530976
https://doi.org/10.1212/WNL.0000000000001075
https://www.ncbi.nlm.nih.gov/pubmed/25411439
https://doi.org/10.1037/a0015511
https://doi.org/10.1056/NEJMoa022252
https://doi.org/10.1016/S1474-4422(04)00767-7
https://doi.org/10.1017/S1355617711000531
https://doi.org/10.1111/sms.13616
https://doi.org/10.3389/fpsyg.2021.665419
https://doi.org/10.1186/s12889-015-2426-6
https://doi.org/10.1002/ana.20637
https://doi.org/10.1016/j.arr.2004.05.001
https://doi.org/10.1212/WNL.55.10.1455
https://doi.org/10.1089/cyber.2016.0758
https://doi.org/10.1016/j.neurobiolaging.2004.06.019
https://doi.org/10.1097/JGP.0b013e3182011b38

Diagnostics 2025, 15, 3068 19 of 20

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

Pechtel, P.; Pizzagalli, D.A. Effects of early life stress on cognitive and affective function: An integrated review of human literature.
Psychopharmacology 2011, 214, 55-70. [CrossRef]

Krishna, M.; Jones, S.; Maden, M.; Du, B.; Mc, R.; Kumaran, K,; Karat, S.C.; Fall, C.H.D. Size at birth and cognitive ability in late
life: A systematic review. Int. J. Geriatr. Psychiatry 2019, 34, 1139-1169. [CrossRef]

Bialystok, E.; Craik, FI.; Freedman, M. Bilingualism as a protection against the onset of symptoms of dementia. Neuropsychologia
2007, 45, 459-464. [CrossRef]

Bialystok, E. Bilingualism: Pathway to Cognitive Reserve. Trends Cogn. Sci. 2021, 25, 355-364. [CrossRef]

Opdebeeck, C.; Martyr, A.; Clare, L. Cognitive reserve and cognitive function in healthy older people: A meta-analysis.
Neuropsychol. Dev. Cognition. Sect. B Aging Neuropsychol. Cogn. 2016, 23, 40-60. [CrossRef]

Almeida-Meza, P; Steptoe, A.; Cadar, D. Markers of cognitive reserve and dementia incidence in the English Longitudinal Study
of Ageing. Br. |. Psychiatry J. Ment. Sci. 2021, 218, 243-251. [CrossRef]

Soldan, A.; Pettigrew, C.; Albert, M. Evaluating Cognitive Reserve Through the Prism of Preclinical Alzheimer Disease. Psychiatr.
Clin. N. Am. 2018, 41, 65-77. [CrossRef]

Gong, L.; Chen, K.; Zhang, H.; Zhang, S.; Luo, W.; Zhou, W.; Zhang, B.; Xu, R.; Xi, C. Higher Cognitive Reserve Is Beneficial for
Cognitive Performance Via Various Locus Coeruleus Functional Pathways in the Pre-Dementia Stage of Alzheimer’s Disease.
J. Prev. Alzheimer’s Dis. 2024, 11, 484-494. [CrossRef]

Wilson, R.S.; Boyle, P.A.; Yu, L.; Barnes, L.L.; Schneider, ].A.; Bennett, D.A. Life-span cognitive activity, neuropathologic burden,
and cognitive aging. Neurology 2013, 81, 314-321. [CrossRef] [PubMed]

Bennett, D.A.; Wilson, R.S.; Schneider, J.A.; Evans, D.A.; Mendes de Leon, C.E;; Arnold, S.E.; Barnes, L.L.; Bienias, ]J.L. Education
modifies the relation of AD pathology to level of cognitive function in older persons. Neurology 2003, 60, 1909-1915. [CrossRef]
[PubMed]

Zahodne, L.B.; Stern, Y.; Manly, ].]J. Differing effects of education on cognitive decline in diverse elders with low versus high
educational attainment. Neuropsychology 2015, 29, 649-657. [CrossRef]

Reed, B.R.; Mungas, D.; Farias, S.T.; Harvey, D.; Beckett, L.; Widaman, K.; Hinton, L.; DeCarli, C. Measuring cognitive reserve
based on the decomposition of episodic memory variance. Brain A J. Neurol. 2010, 133 Pt 8, 2196-2209. [CrossRef]

Hall, C.B.; Derby, C.; LeValley, A.; Katz, M.].; Verghese, J.; Lipton, R.B. Education delays accelerated decline on a memory test in
persons who develop dementia. Neurology 2007, 69, 1657-1664. [CrossRef]

Wilson, R.S.; Li, Y.; Aggarwal, N.T.; Barnes, L.L.; McCann, ].J.; Gilley, D.W.; Evans, D.A. Education and the course of cognitive
decline in Alzheimer disease. Neurology 2004, 63, 1198-1202. [CrossRef]

Stern, Y. Cognitive reserve. Neuropsychologia 2009, 47, 2015-2028. [CrossRef] [PubMed]

Li, X,; Song, R.; Qi, X.; Xu, H.; Yang, W.; Kivipelto, M.; Bennett, D.A.; Xu, W. Influence of Cognitive Reserve on Cognitive
Trajectories: Role of Brain Pathologies. Neurology 2021, 97, e1695—e1706. [CrossRef]

Baker, L.M.; Laidlaw, D.H.; Cabeen, R.; Akbudak, E.; Conturo, T.E.; Correia, S.; Tate, D.E.,; Heaps-Woodruff, ].M.; Brier, M.R;
Bolzenius, ].; et al. Cognitive reserve moderates the relationship between neuropsychological performance and white matter fiber
bundle length in healthy older adults. Brain Imaging Behav. 2017, 11, 632-639. [CrossRef]

Jones, R.N.; Manly, J.; Glymour, M.M.; Rentz, D.M.; Jefferson, A.L.; Stern, Y. Conceptual and measurement challenges in research
on cognitive reserve. J. Int. Neuropsychol. Soc. 2011, 17, 593-601. [CrossRef]

da Silva, S.P.; Lampraki, C.; Dos Santos Régo, T.; Ghisletta, P.; Kliegel, M.; Maurer, J.; Studer, M.; Gouveia, E.R.; de Maio
Nascimento, M.; Ihle, A. Can cognitive reserve offset APOE-related Alzheimer’s risk? A systematic review. Ageing Res. Rev. 2025,
110, 102809. [CrossRef]

Saywell, I; Foreman, L.; Child, B.; Phillips-Hughes, A L.; Collins-Praino, L.; Baetu, I. Influence of cognitive reserve on cognitive
and motor function in a-synucleinopathies: A systematic review and multilevel meta-analysis. Neurosci. Biobehav. Rev. 2024,
161, 105672. [CrossRef]

Ewers, M,; Insel, P.S.; Stern, Y.; Weiner, M.W.; Alzheimer’s Disease Neuroimaging Initiative (ADNI). Cognitive reserve associated
with FDG-PET in preclinical Alzheimer disease. Neurology 2013, 80, 1194-1201. [CrossRef]

Marselli, G.; Favieri, E; Forte, G.; Corbo, I.; Agostini, F.; Guarino, A.; Casagrande, M. The protective role of cognitive reserve: An
empirical study in mild cognitive impairment. BMC Psychol. 2024, 12, 334. [CrossRef] [PubMed]

Zahodne, L.B.; Manly, ] J.; Brickman, A.M.; Narkhede, A.; Griffith, E.Y.; Guzman, V.A.; Schupf, N.; Stern, Y. Is residual memory
variance a valid method for quantifying cognitive reserve? A longitudinal application. Neuropsychologia 2015, 77, 260-266.
[CrossRef]

Zahodne, L.B.; Glymour, M.M.; Sparks, C.; Bontempo, D.; Dixon, R.A.; MacDonald, S.W.; Manly, J.J. Education does not slow
cognitive decline with aging: 12-year evidence from the victoria longitudinal study. J. Int. Neuropsychol. Soc. 2011, 17, 1039-1046.
[CrossRef]

Irani, Z.A.; Sheridan, A.M.C,; Silk, T.].; Anderson, V.; Weinborn, M.; Gavett, B.E. Modeling the development of cognitive reserve
in children: A residual index approach. J. Int. Neuropsychol. Soc. 2024, 30, 264-272. [CrossRef]


https://doi.org/10.1007/s00213-010-2009-2
https://doi.org/10.1002/gps.5138
https://doi.org/10.1016/j.neuropsychologia.2006.10.009
https://doi.org/10.1016/j.tics.2021.02.003
https://doi.org/10.1080/13825585.2015.1041450
https://doi.org/10.1192/bjp.2020.54
https://doi.org/10.1016/j.psc.2017.10.006
https://doi.org/10.14283/jpad.2023.127
https://doi.org/10.1212/WNL.0b013e31829c5e8a
https://www.ncbi.nlm.nih.gov/pubmed/23825173
https://doi.org/10.1212/01.WNL.0000069923.64550.9F
https://www.ncbi.nlm.nih.gov/pubmed/12821732
https://doi.org/10.1037/neu0000141
https://doi.org/10.1093/brain/awq154
https://doi.org/10.1212/01.wnl.0000278163.82636.30
https://doi.org/10.1212/01.WNL.0000140488.65299.53
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://www.ncbi.nlm.nih.gov/pubmed/19467352
https://doi.org/10.1212/WNL.0000000000012728
https://doi.org/10.1007/s11682-016-9540-7
https://doi.org/10.1017/S1355617710001748
https://doi.org/10.1016/j.arr.2025.102809
https://doi.org/10.1016/j.neubiorev.2024.105672
https://doi.org/10.1212/WNL.0b013e31828970c2
https://doi.org/10.1186/s40359-024-01831-5
https://www.ncbi.nlm.nih.gov/pubmed/38849930
https://doi.org/10.1016/j.neuropsychologia.2015.09.009
https://doi.org/10.1017/S1355617711001044
https://doi.org/10.1017/S135561772300053X

Diagnostics 2025, 15, 3068 20 of 20

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Kraal, A.Z.; Massimo, L.; Fletcher, E.; Carrién, C.I.; Medina, L.D.; Mungas, D.; Gavett, B.E.; Farias, S.T. Functional reserve:
The residual variance in instrumental activities of daily living not explained by brain structure, cognition, and demographics.
Neuropsychology 2021, 35, 19-32. [CrossRef]

Levin, F; Grothe, M.].; Dyrba, M.; Franzmeier, N.; Teipel, S.J.; Alzheimer’s Disease Neuroimaging Initiative. Longitudinal
trajectories of cognitive reserve in hypometabolic subtypes of Alzheimer’s disease. Neurobiol. Aging 2024, 135, 26-38. [CrossRef]
[PubMed]

Elman, J.A.; Vogel, ].W.; Bocancea, D.I.; Ossenkoppele, R.; van Loenhoud, A.C.; Tu, X.M.; Kremen, W.S.; Alzheimer’s Disease
Neuroimaging Initiative. Issues and recommendations for the residual approach to quantifying cognitive resilience and reserve.
Alzheimer’s Res. Ther. 2022, 14, 102. [CrossRef]

Lee, D.H.; Seo, SSW.; Roh, J.H.; Oh, M; Oh, J.S.; Oh, S.J.; Kim, J.S.; Jeong, Y. Effects of Cognitive Reserve in Alzheimer’s Disease
and Cognitively Unimpaired Individuals. Front. Aging Neurosci. 2022, 13, 784054. [CrossRef]

Almeida, R.P;; Schultz, S.A.; Austin, B.P,; Boots, E.A.; Dowling, N.M.; Gleason, C.E.; Bendlin, B.B.; Sager, M.A.; Hermann, B.P;
Zetterberg, H.; et al. Effect of Cognitive Reserve on Age-Related Changes in Cerebrospinal Fluid Biomarkers of Alzheimer
Disease. JAMA Neurol. 2015, 72, 699-706. [CrossRef]

Pettigrew, C.; Soldan, A.; Zhu, Y.; Cai, Q.; Wang, M.C.; Moghekar, A.; Miller, M.L;; Singh, B.; Martinez, O.; Fletcher, E,;
et al. Cognitive reserve and rate of change in Alzheimer’s and cerebrovascular disease biomarkers among cognitively normal
individuals. Neurobiol. Aging 2020, 88, 33-41. [CrossRef]

Chen, H.; Hu, J.; Gui, S.; Li, Q.; Wang, J.; Yang, X.; Yang, J. Longitudinal validation of cognitive reserve proxy measures: A cohort
study in a rural Chinese community. Alzheimer’s Res. Ther. 2024, 16, 87. [CrossRef]

Mohammad, N.; Rezapour, T.; Kormi-Nouri, R.; Abdekhodaie, E.; Ghamsari, A.M.; Ehsan, H.B.; Hatami, J. The effects of different
proxies of cognitive reserve on episodic memory performance: Aging study in Iran. Int. Psychogeriatr. 2020, 32, 25-34. [CrossRef]
Clare, L.; Wu, Y.T; Teale, ].C.; MacLeod, C.; Matthews, F.; Brayne, C.; Woods, B.; CFAS-Wales Study Team. Potentially modifiable
lifestyle factors, cognitive reserve, and cognitive function in later life: A cross-sectional study. PLoS Med. 2017, 14, €1002259.
[CrossRef] [PubMed]

Weiler, M.; Casseb, R.E.; de Campos, B.M.; de Ligo Teixeira, C.V.; Carletti-Cassani, A.EFM.K.; Vicentini, ].E.; Magalhaes, TN.C;
de Almeira, D.Q.; Talib, L.L.; Forlenza, O.V.; et al. Cognitive Reserve Relates to Functional Network Efficiency in Alzheimer’s
Disease. Front. Aging Neurosci. 2018, 10, 255. [CrossRef]

Kim, J.; Kim, S.; Um, Y.H.; Wang, S.M.; Kim, R.E.; Choe, Y.S,; Lee, J.; Kim, D.; Lim, HK,; Lee, C.U,; et al. Associations between
Education Years and Resting-state Functional Connectivity Modulated by APOE ¢4 Carrier Status in Cognitively Normal Older
Adults. Clin. Psychopharmacol. Neurosci. Off. Sci. J. Korean Coll. Neuropsychopharmacol. 2024, 22, 169-181. [CrossRef]
Gonzalez-Burgos, L.; Barroso, J.; Ferreira, D. Cognitive reserve and network efficiency as compensatory mechanisms of the effect
of aging on phonemic fluency. Aging 2020, 12, 23351-23378. [CrossRef] [PubMed]

Yerramalla, M.S.; Darin-Mattsson, A.; Udeh-Momoh, C.T.; Holleman, J.; Kareholt, I.; Asp6, M.; Hagman, G.; Kivipelto, M.;
Solomon, A.; Marseglia, A.; et al. Cognitive reserve, cortisol, and Alzheimer’s disease biomarkers: A memory clinic study.
Alzheimer’s Dement. ]. Alzheimer’s Assoc. 2024, 20, 4486-4498. [CrossRef]

Guo, L.; Zhou, Y,; Lu, H.; Fung, H.H. The moderating effect of cognitive reserve on the association between neuroimaging
biomarkers and cognition: A systematic review. Neurobiol. Aging 2025, 156, 10-29. [CrossRef]

Yuki, A.; Lee, S.; Kim, H.; Kozakai, R.; Ando, F.; Shimokata, H. Relationship between physical activity and brain atrophy
progression. Med. Sci. Sports Exerc. 2012, 44, 2362-2368. [CrossRef]

Rodriguez-Ayllon, M.; Neumann, A.; Hofman, A.; Vernooij, M.W.; Neitzel, J. The bidirectional relationship between brain
structure and physical activity: A longitudinal analysis in the UK Biobank. Neurobiol. Aging 2024, 138, 1-9. [CrossRef]
Dougherty, R.J.; Jonaitis, E.M.; Gaitan, ].M.; Lose, S.R.; Mergen, B.M.; Johnson, S.C.; Okonkwo, O.C.; Cook, D.B. Cardiorespiratory
fitness mitigates brain atrophy and cognitive decline in adults at risk for Alzheimer’s disease. Alzheimer’s Dement. 2021,
13, €12212. [CrossRef]

Qiao, Y.; Wanigatunga, A.A.; An, Y.; Liu, E; Spira, A.P; Davatzikos, C.; Tian, Q.; Simonsick, E.M.; Ferrucci, L.; Resnick, S.M.; et al.
Longitudinal associations between energy utilization and brain volumes in cognitively normal middle aged and older adults. Sci.
Rep. 2022, 12, 6472. [CrossRef]

Seyedsalehi, A.; Warrier, V.; Bethlehem, R.A.L; Perry, B.I.; Burgess, S.; Murray, G.K. Educational attainment, structural brain
reserve and Alzheimer’s disease: A Mendelian randomization analysis. Brain J. Neurol. 2023, 146, 2059-2074. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1037/neu0000705
https://doi.org/10.1016/j.neurobiolaging.2023.12.003
https://www.ncbi.nlm.nih.gov/pubmed/38157587
https://doi.org/10.1186/s13195-022-01049-w
https://doi.org/10.3389/fnagi.2021.784054
https://doi.org/10.1001/jamaneurol.2015.0098
https://doi.org/10.1016/j.neurobiolaging.2019.12.003
https://doi.org/10.1186/s13195-024-01451-6
https://doi.org/10.1017/S1041610219001613
https://doi.org/10.1371/journal.pmed.1002259
https://www.ncbi.nlm.nih.gov/pubmed/28323829
https://doi.org/10.3389/fnagi.2018.00255
https://doi.org/10.9758/cpn.23.1113
https://doi.org/10.18632/aging.202177
https://www.ncbi.nlm.nih.gov/pubmed/33203801
https://doi.org/10.1002/alz.13866
https://doi.org/10.1016/j.neurobiolaging.2025.07.016
https://doi.org/10.1249/MSS.0b013e3182667d1d
https://doi.org/10.1016/j.neurobiolaging.2024.03.001
https://doi.org/10.1002/dad2.12212
https://doi.org/10.1038/s41598-022-10421-7
https://doi.org/10.1093/brain/awac392

	Introduction 
	Conceptual Framework and Hypothesized Effects of Cognitive Reserve 
	Purpose of Current Review 
	Literature Search 
	Sociobehavioral Proxy Measures of Cognitive Reserve 
	Residual Variance Approaches to Cognitive Reserve 
	Neurobiological Indicator Approaches to Cognitive Reserve 
	Summary 
	References

