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OVERVIEW: THE CONCEPT OF COGNITIVE RESERVE

The aging of the population, which is accompanied by an increasing prevalence of
Alzheimer disease (AD), makes it imperative to identify factors that reduce risk of onset of
dementia. The increasing evidence that AD pathologic process begins to be deposited in the
brain by mid-lifel has led to an expanding focus on potentially modifiable lifestyle factors
that may impact an individual’s risk of cognitive decline and dementia. One such commonly
studied factor is cognitive reserve (CR). The concept of CR grew out of observations that
there can be a marked discrepancy between an individual’s clinical symptomatology and
estimates of the amount of neuropathologic process in the brain. For example, an early study
by Stern and colleagues? that began investigating this issue reported that among individuals
with probable AD, and matched for clinical severity, those with more years of education had
more advanced pathologic process, as indicated by less cerebral blood flow in AD-
vulnerable regions.

It has been proposed that lifetime experiences that are associated with cognitive stimulation
(such as years of education, occupational attainment, and engagement in mentally
stimulating leisure activities) modify the brain in a way that allows individuals to tolerate
greater levels of neuropathologic process or injury before showing symptoms of functional
decline.3 Although the concept of CR has primarily been studied within the context of AD, it
is hypothesized to apply to any brain disease or condition that results in brain damage, and
an increasing number of studies support this proposal.#=8 It has also been proposed that CR
moderates the relationship between brain changes and age-related cognitive decline.3.
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The last decade has seen an increased interest in the concept of CR and related mechanisms
of resilience and brain maintenance, as evidenced by several recent consensus papers and
proposed research frameworks.8-10 Although there remains debate about the exact
definitions of these terms, it is widely agreed that CR reflects a property of the brain that
allows for sustained clinical or cognitive performance in the presence of age-related or
disease-related changes in the brain.

In this review, which represents a slightly updated version of an earlier publication,1! we
first briefly summarize the major lines of evidence in support of the concept of CR within
the context of AD. We then provide a detailed review of longitudinal biomarker studies that
have examined the relationship between measures of CR, AD pathologic process, and
subsequent cognitive change or impairment among individuals who were cognitively normal
when first evaluated. This includes recent studies that have been published since our initial
review from 2017,11 as well as an expanded discussion on possible pathways that may link
CR to cognitive and clinical outcomes. We have focused on studies of individuals with
normal cognition at baseline because it is now recognized that AD pathologic process begins
to develop when individuals are cognitively normal, a phase of the disease commonly
referred to as preclinical AD.12 As such, these types of studies provide insight into how and
to what extent CR delays the onset of the symptomatic phase of the disease, which has major
public health implications; it has been estimated that interventions that delay the onset of
dementia by 5 years would reduce the prevalence of dementia by 50%.13

EVIDENCE IN SUPPORT OF COGNITIVE RESERVE

Supporting the concept of CR, many large prospective epidemiologic studies of initially
non-demented individuals have shown that more years of education,14 greater occupational
breadth and complexity,14.15 and greater lifetime engagement in cognitively stimulating
activities16 are associated with a reduced risk of dementia. The evidence regarding the
relationship between measures of CR and rates of change in cognition is more mixed, with
many recent studies reporting little or no association between CR and rates of cognitive
decline, despite evidence that individuals with higher CR have a higher performance on
cognitive tests.1” It has been suggested that the differences in findings among these studies
likely reflect methodological and cohort differences and, taken together, the evidence
indicates that CR primarily influences baseline levels of cognitive performance.1”18 Thus,
epidemiologic studies strongly support the notion that higher levels of CR are associated
with better cognitive performance, as well as a reduced risk of developing dementia later in
life, whereas the impact of CR on the trajectory of cognitive decline is less clear (for a
review, see Pettigrew and Soldanl®). Epidemiologic research on CR, however, has generally
been limited by a lack of measures of underlying AD pathologic process. As such, these
types of studies cannot directly examine whether and how measures of CR affect the
association between levels of neuropathologic process and cognitive performance.

Thus, studies that have incorporated biomarkers, which are considered an indirect reflection
of underlying neuropathologic process, are of particular importance in clarifying the
mechanisms by which CR may be protective. Most studies on CR with biomarker measures
of AD pathologic process have been cross-sectional in nature. A common finding of cross-
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sectional studies is that, at similar levels of cognitive functioning, individuals with higher
CR tend to have biomarker measures reflecting higher levels of AD pathologic process in the
brain. For example, atrophy measures based on magnetic resonance imaging (MR1)20-22 and
levels of amyloid and tau, derived from positron emission tomographic (PET) imaging,23-24
or measured in cerebrospinal fluid (CSF),2° tend to be more abnormal among individuals
with higher CR. These findings suggest that the effects of AD pathologic process on
cognition are reduced in individuals with higher reserve. Some cross-sectional studies also
suggest that the effects of aging on brain structure, function, and AD pathologic process may
be reduced among individuals with higher CR.26-28 An important limitation of cross-
sectional studies, however, is that they cannot test whether measures of CR do in fact alter
future cognitive trajectories or the risk of cognitive impairment.

For this reason, prospective longitudinal studies that collect both AD biomarkers and
cognitive and clinical data are essential for testing the extent to which CR is associated with
reduced age-related cognitive decline or a reduced risk of cognitive impairment in the
presence of AD pathologic process. As a complimentary mechanism to CR, the same factors
that have been associated with CR (such as educational and occupational attainment) may
also minimize the accumulation of pathologic process, a concept that has been referred to as
both brain maintenance®® and resistance.9 However, appropriately addressing the concept of
brain maintenance/resistance also requires longitudinal studies.

LONGITUDINAL ALZHEIMER DISEASE BIOMARKER STUDIES OF
COGNITIVE RESERVE AMONG INDIVIDUALS WITH NORMAL COGNITION
WHEN FIRST EVALUATED

The number of prospective longitudinal studies that have investigated the relationship
between measures of CR, AD biomarkers, and longitudinal cognitive or clinical outcomes
among individuals who were cognitively normal at baseline is relatively limited (Table 1).
These studies have examined 3 major themes: (1) the association between baseline measures
of CR and baseline AD biomarker levels in relation to the time to progress to cognitive
impairment,30-3% (2) the association between baseline measures of CR and baseline AD
biomarker levels in relation to the rate of change in cognition,18:36:37 and (3) the association

between baseline measures of CR and the rate of change in AD biomarkers over time.
31,32,38-40

Cognitive Reserve, Alzheimer Disease Biomarkers and Risk of Cognitive Impairment

An important question that has been addressed by studies examining the first question—the
combined effects of CR and AD biomarkers on the risk of progression to cognitive
impairment—is whether CR and AD biomarkers are independent predictors of risk or
whether they interact to alter future risk of progression. The presence of such an interaction
is very important because it would indicate that measures of CR modify the association
between the biomarker in question and risk of progression, or that the protective effects of
CR on the risk of progression differ for individuals with high versus low levels of the
biomarker.
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Two studies39-32 addressed this question by testing whether the association between
structural MRI measures of brain atrophy and the time to symptom onset of mild cognitive
impairment (MCI) is modified by CR, as quantified by a composite measure of CR (ie, a
composite Zscore composed of years of education, and measures of vocabulary and reading
ability). Soldan and colleagues32 found that the baseline volumes of 3 medial-temporal lobe
structures (hippocampus, entorhinal cortex, and amygdala), and the rate of change in these
structures over time, were associated with the time to progress from normal cognition to
symptom onset of MCI, independently of the baseline CR composite score, which was
associated with a reduced risk of progression (ie, delayed symptom onset). Only 1 structure,
the left entorhinal cortex volume, interacted with CR, such that smaller baseline volumes
were associated with faster time to clinical symptom onset in individuals with low CR, but
not in individuals with high CR. Similar results were reported by Pettigrew and colleagues,
30 who found that both CR and mean cortical thickness in “AD vulnerable regions” were
independently associated with risk of progression from normal cognition to MCI within 7
years of baseline. In contrast there was an interaction between baseline CR score and
cortical thickness for risk of progression more than 7 years form baseline, reflecting a
stronger association between low cortical thickness and risk of symptom onset among
individuals with lower CR. In addition, Pettigrew and colleagues reported that the reduction
in the risk of progression associated with higher CR was greater for progression after 7 years
from baseline than for progression within 7 years, suggesting that the protective effect of CR
decreases as AD pathologic process levels increase. Taken together, the results from these 2
studies suggest that MRI measures of atrophy in brain regions commonly affected by AD
and measures of CR have relatively independent and additive effects on the risk of
progression to MCI. However, these studies also provided some evidence for interactions
between CR and atrophy in some brain regions, suggesting a stronger association between
atrophy and risk among individuals with lower CR than higher CR.

Four other studies addressed this same question by investigating the relationship between
measures of CR and CSF measures of amyloid beta (abeta), total tau (t-tau), or
phosphorylated tau (p-tau) in relationship to the risk of progression to cognitive impairment.
31.33-35 For the findings regarding the relationship between CR and CSF abeta, 2 of these
studies reported that CR and CSF abeta measures predicted time to progress from normal
cognition to MCI, but that there was no interaction between baseline levels of CSF abeta and
CR (as measured by years of education33 or a composite score3). Similarly, the third study
reported that fewer years of education and lower (ie, more abnormal) CSF abeta levels were
significantly associated with a faster time to onset of cognitive impairment; however, the
interaction between the 2 measures was not examined.33 Taken together, these findings
suggest that the protective effects of CR on the risk of progression are equivalent across the
observed range of CSF abeta levels and that CR and abeta have additive and independent
effects on the risk of progression. This is noteworthy because CSF abeta is widely accepted
as a biomarker for amyloid plaques, 1 of the primary pathologic hallmarks of AD.
Interestingly, a fourth study reported a 3-way interaction between CSF abeta, a CR
composite score, and CSF cortisol levels, suggesting that the protective effects of CR in
relationship to abeta may interact with other lifestyle factors, such as psychosocial stress, via
its impact on the hypothalamic pituitary axis.3® This finding is consistent with previous work
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demonstrating that increased cortisol levels may influence the clinical expression of AD
pathologic process.*! However, given the small sample size of this study (n = 17 with both
abnormal abeta and high cortisol), these findings await further replication.

The findings regarding the relationship between CR and CSF p-tau and t-tau suggest that
there may be an interaction between CR and degree of neuronal injury, as measured by these
biomarkers. Soldan and colleagues3! found an interaction between the baseline CR
composite score and both t-tau and p-tau in relationship to the time to onset of symptoms of
MCI. Among participants with higher baseline levels of t-tau or p-tau, the degree to which
CR modified the risk of symptom onset was less than that in participants with lower levels of
t-tau and p-tau, although higher CR was still associated with a delay in symptom onset in
both the low and high t-tau or p-tau groups. This suggests that, as levels of neuronal injury
increase in the brain, the protective effects of CR decrease, consistent with the findings by
Pettigrew and colleagues3® using MRI measures of neuronal injury. This may occur because
CR is unable to compensate for increasing levels of neuronal injury, or because the neural
mechanisms that underlie CR break down with increasing levels of neuronal injury. The
results by Soldan and colleagues3! also indicated that CSF t-tau and p-tau levels were more
strongly associated with the risk of progression among individuals with higher CR than
lower CR. This was due to the fact that individuals with lower CR were at significantly
increased risk of progressing (because of their low CR), even when t-tau/p-tau levels were
low, and thus higher t-tau/p-tau levels were associated with less additional risk. By
comparison, those with higher CR, whose overall risk of developing cognitive impairment is
much lower, increased tau/p-tau levels were more predictive of progression.

The findings by Roe and colleagues3® were somewhat different, as they reported a 3-way
interaction between CR (as measured by years of education), t-tau/p-tau levels, and whole
brain volume in relationship to the time to cognitive impairment. Among individuals with
low t-tau or p-tau levels, there was no association between years of education and risk of
progression; whereas among individuals with high t-tau or p-tau levels, more education was
associated with a delayed time to incident cognitive impairment, particularly among those
with lower brain volumes. The 2-way interaction between t-tau/p-tau levels and education
(collapsed across whole brain volume) was not reported. The absence of an association
between education and risk of progression among those with low t-tau or p-tau levels may
reflect the somewhat smaller sample size and smaller number of individuals who became
symptomatic over the course of the study (which reduces statistical power) and the relatively
short follow-up duration of 3 years (compared with 8 years in Soldan and colleagues3?). In
addition, years of education alone tends to be less predictive of future cognitive impairment
than composite CR measures that incorporate measures of literacy or vocabulary in addition
to education.30:42:43 The second study by Roe and colleagues33 reported that both years of
education and baseline tau or p-tau levels were predictive of incident cognitive impairment
in the same model, although their possible interaction was not examined. Overall, the results
of studies that have investigated the combined effects of CR and CSF AD biomarkers in
relation to the risk of progression to MCI indicate that even after accounting for levels of
these biomarkers at baseline, higher CR is associated with a reduced risk of symptom onset
of MCI. Although the effects of abeta and CR on the time to symptom onset appear to be
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independent of one another, there is some evidence that the protective effects of CR are
modified by CSF t-tau and p-tau levels.

Cognitive Reserve, Alzheimer Disease Biomarker and Rate of Cognitive Decline

Only 3 longitudinal studies have examined the second question mentioned above—the rate
of change in neuropsychological measures of cognition in relationship to CR and AD
biomarkers among individuals with normal cognition at baseline.18:36:37 \lemuri and
colleagues3® operationalized CR in 2 ways, with 1 score reflecting educational and
occupational attainment and the other indexing mid- and late-life cognitive leisure activities;
cognitive performance was quantified with a composite Zscore composed of measures from
multiple cognitive domains. The results showed that higher scores on the measure of
educational and occupational attainment were associated with higher cognitive scores,
independent of the amount of amyloid, as measured by Pittsburgh compound B (PiB)-PET
imaging, and independent of cerebrovascular disease, as measured by white matter
hyperintensities and brain infarcts on fluid-attenuated inversion recovery-MRI. Importantly,
there was no interaction between the measures of CR and the PET or MRI measures,
suggesting similar rates of change in cognition over the follow-up period among those with
higher and lower CR scores (mean follow-up 2.7 years). Consistent with these findings,
Soldan and colleagues!® also reported that, independent of AD biomarker levels, higher CR
(as indexed by a composite score) was associated with better cognitive composite .Zscores
but did not alter the rates of cognitive change while individuals were asymptomatic (mean
follow-up = 11 years). In this study, AD pathologic process was quantified by a composite
score combining several major biomarker types (CSF abeta and p-tau, as well as MRI
measures of the hippocampus, entorhinal cortex, and AD-vulnerable cortical regions).

Due to the long follow-up period in this latter study, and the fact that a substantial number of
participants had developed cognitive impairment on follow-up (n = 66), Soldan and
colleagues also examined rates of change in cognition after the onset of symptoms of MCI.
In line with theoretic predictions,3 individuals with higher CR showed faster rates of
cognitive decline than those with lower CR after they became symptomatic.18 In addition,
the mean age of onset of symptoms of MCI was strongly associated with the baseline CR
score: subjects with CR scores above the median had a mean age of symptom onset that was
approximately 7 years later than for those with CR scores below the median of the group.18
It is important to note that the subjects in this study were highly educated (mean of 17 years
of education), so this study may underestimate the degree to which individual differences in
CR may delay the symptomatic phase of AD.

Of note, the findings regarding the association between amyloid, measures of CR, and
cognitive change are not entirely consistent, with Wolf and colleagues®’ reporting less abeta-
related functional and memory decline over a mean of 2.6 years among individuals with
higher levels of education. The reasons for this discrepancy in findings are unclear, but may
be related to a number of factors, including differences in baseline biomarker levels and
rates of progression to clinical impairment, as well as differences in follow-up time,
selective attrition, and statistical modeling approaches (for a discussion, see Pettigrew and
Soldan19). Taken together, the results from studies investigating the combined effects of CR
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and AD biomarkers on cognitive change and time to symptom onset suggest that, after
accounting for baseline pathologic process levels, CR has little impact on cognitive
trajectories before symptom onset, but it does significantly delay the onset of symptoms by
several years.

Cognitive Reserve and Rate of Change in Alzheimer Disease Biomarkers

Currently, there is weak evidence for the proposal that measures of CR are directly
associated with the rate of change in AD biomarkers among individuals who were
cognitively normal at baseline—the third question mentioned above. This is largely because
the available data are limited by relatively short follow-up periods (2—4 years of longitudinal
biomarker data, on average). Lo and Jagust38 reported that, among a group of 35 cognitively
normal individuals, higher scores on CR proxy variables (ie, measures of education,
occupation, and reading/vocabulary) were associated with less longitudinal decline in CSF
abeta, but not with change in MRI hippocampal volume or fluorodeoxyglucose (FDG)-PET
metabolism. Suo and colleagues®? found that high self-reported supervisory experience in
midlife (a measure assumed to reflect occupational complexity) was associated with less
hippocampal atrophy over time in a sample of 91 older adults. However, self-reported
general cognitive activities in early, mid, or late life did not modulate rates of brain atrophy.
In 3 other studies with larger samples (N = 239-288), there was no relationship between a
baseline CR composite score and rates of change in CSF abeta, t-tau, and p-tau (Pettigrew C,
and colleagues, submitted for publication),3! or MRI measures of the hippocampus,
amygdala, entorhinal cortex,32 or AD-vulnerable cortical regions (Pettigrew C, and
colleagues, submitted for publication). Likewise, Walters and colleagues*® found that self-
reported intellectual activity throughout life was unrelated to the rate of change in AD
biomarkers, including MRI measures of cortical thickness, FDG-PET metabolism, and
amyloid on PiB-PET. Given the long prodromal period of AD, additional studies with large
samples and more longitudinal biomarker data will be needed to determine to what degree
CR alters the trajectories of AD biomarkers and other aspects of brain health.

PATHWAYS LINKING COGNITIVE RESERVE TO COGNITIVE AND CLINICAL
OUTCOMES

Despite the strong evidence that proxy measures of CR are associated with delayed clinical
symptom onset, the mechanism(s) underlying these effects remain poorly understood. Fig. 1
illustrates 4 possible pathways by which CR may alter longitudinal cognitive and clinical
outcomes. (1) First, CR may reduce the risk of MCI or dementia via mechanisms that are
independent of the level of specific AD-related pathologic brain changes. For example,
current evidence suggests that measures of CR and levels of brain amyloid independently
predict the time to symptom onset.31:33 (2) Second, CR may interact with markers of
pathologic process or brain health to influence future cognitive decline or risk of
progression. For instance, smaller volumes or thickness in some AD-vulnerable brain
regions seem to be a stronger risk factor for developing cognitive impairment among
individuals with low CR than those with higher CR.30:32 Also, the protective effects of CR
on clinical outcomes seem to diminish as levels of neuronal injury increase,3! suggesting
that the neural mechanisms of CR become overwhelmed by pathologic process. (3) A third
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pathway by which CR may influence future cognitive and clinical outcomes is by delaying
the onset of age-related or AD-related brain changes, or by reducing the rate of AD
pathologic process accumulation. Although current evidence for this pathway is limited,
future studies with longer follow-up periods will be able to investigate this pathway. For
example, recent evidence suggests that midlife vascular risk factors, including obesity, high
cholesterol, hypertension, and smoking are associated with late-life amyloid accumulation.*4
To the extent that these midlife vascular risk factors are associated with CR proxy measures,
such as educational or occupational attainment,*>~4” CR may influence the accumulation of
AD pathologic process indirectly via health-related behaviors in early and mid life. These
health-related behaviors may also directly reduce levels of cerebrovascular disease in the
brain. For example, measures of CR have been associated with reduced levels of white
matter hyperintensities, 849 which are primarily markers of small-vessel cerebrovascular
disease.50 Thus, the combined amount of pathologic process in the brain (eg, AD pathologic
process plus vascular pathologic process) may be altered, thereby changing the threshold by
which accumulating pathologic process has an impact on cognition. (4) A fourth pathway
that has been proposed is that CR alters the association between genetic factors or aging on
clinical and cognitive outcomes. Older age is the greatest risk factor for AD and both
amyloid and tau pathologic process increase with age. Preliminary evidence from cross-
sectional studies suggests that the association between age and AD pathologic process
levels?® or age-related structural brain changes2’” may be attenuated among individual with
higher CR.

An important limitation of current longitudinal studies is that they have not yet fully
explored the neural mechanisms of CR. For example, neuropathological studies have
suggested that resilience to AD pathologic process may be supported by maintained synaptic
integrity or neural architecture.?1-53 In line with this, evidence from cross-sectional suggests
that CR may be implemented in the brain in the form of greater neural efficiency and speed,
54-56 neural capacity, neural compensation,®>>7 and greater functional connectivity.>8
Longitudinal studies will be necessary to test whether these putative neuroimaging
mechanisms of CR are associated with better clinical outcomes, in the same way as proxy
measures of CR. If so, it might be possible to devise interventions that specifically target
these neural mechanisms, thereby increasing reserve and resilience of the brain.

It has also been reported that individuals who progress from normal cognition to MCI or
dementia demonstrate greater changesin CR scores over time,> as measured by a residual
approach® (which operationalizes CR as the residual variance in cognition that is not
explained by known [ie, measured] brain measures and demographic variables). This
suggests that the brain mechanisms that underlie reserve may be depleted over time and
greater depletions are associated with greater clinical declines. Additional studies are needed
to further examine the evidence for this hypothesis.

COGNITIVE RESERVE AND PUBLIC HEALTH: PRACTICAL IMPLICATIONS

The study of CR and its neural implementation has important implications for public health.
To the extent that higher CR protects against the clinical manifestations of AD by delaying
the onset of the symptomatic phase of the disease, it provides an important mechanism for
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preserving cognitive function in old age, even while brain pathologic process levels are
increasing. Current evidence suggests that higher CR is associated with approximately a
50% reduction in the risk of symptom onset of MC130-32:43 and may delay the onset of
symptoms by several years.18 As such, CR provides far greater potential benefits to
individuals than any drug that is currently on the market for treating the symptoms of MCI
or dementia. Moreover, by delaying the onset of the symptomatic phase of AD, CR allows
older individuals to maximize daily functioning and minimize reliance on caregivers. Caring
for someone with dementia is associated with enormous stress, financial strain, and negative
health outcomes. Therefore, the goal of any intervention for AD should be to prolong the
time that older adults are able to live independently and be active and engaged members of
their family and community. Moreover, the current findings regarding CR suggest that health
policies aimed at improving educational and occupational opportunities for individuals may
have far-reaching consequences for future rates of cognitive decline and dementia.
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KEY POINTS

Evidence indicates that higher levels of cognitive reserve (CR) (as measured
by proxy variables like educational and occupational attainment) delay the
onset of symptoms of mild cognitive impairment due to Alzheimer disease
(AD).

Recent findings suggest that the protective effects of CR may be independent
of amyloid pathologic process, but interact with measures of neuronal injury
to alter risk of cognitive impairment.

It is unclear whether CR alters future risk of cognitive decline by directly
affecting brain pathologic process.

Prospective longitudinal biomarker studies are needed to investigate the
mechanisms by which CR alters future risk of cognitive decline.

Clin Geriatr Med. Author manuscript; available in PMC 2021 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Soldan et al.

CR IV

Age,

CRII

genetics

CR I

Page 14

AD biomarkers

A 4

CRI

A 4

Fig. 1.

A 4

—~—~ Cognitive

decline
and
dementia

Illustration of 4 possible pathways by which cognitive reserve (CR) may influence rates of
cognitive decline and risk of dementia in later life. Here, CR refers to proxy measures such
as educational or occupational attainment, as well as their neural implementation(s), which
are not well understood. (1) CR is linked to outcomes in a way that is, unrelated to biomarker
levels. (1) CR moderates the relationship between biomarkers and outcomes. (I11) CR has a
direct effect on biomarker levels (ie, onset or rate of accumulation). (IVV) CR modifies the
relationship between age/genetics and outcomes. Dashed line indicates that although
illustrated as a moderation effect, it could in fact be a mediation effect (or the relationship

may depend on a specific demographic factor, gene, etc.).

Clin Geriatr Med. Author manuscript; available in PMC 2021 May 01.




Page 15

Soldan et al.

uby pue &gy 0T ‘IO 0} ot ‘Uorednaoo 6T0C g 1
4SO [ewlouge yym passalboid 6T =Xxew ‘/ ‘Dl ‘uoireanpa) 10s11100 0} uoissalboud 19 YOWoON
asoyy Buowre ‘saA - ON ON 16 =UeIP3IN  9102s ausodwo) 450 2" Tdy 45D 0} awi ] -yspn
(Arejngeoon SS3UXIIY} X810
d-SIVMW Jeurylojus ‘ejepbAwre  sieyewolq Qv Ul
"AJuo awnjon uoissaiboid ‘OI-LYVN ‘X31102 [eUIYIOIUD abueyd {1DIN O
X81J09 [eulyJ0ud 1eaiul|o pakeaq passalboid /G 8T = Xew ‘uoieanpa) ‘sndwesoddiy woldwAs eatun)d STOC z¢
13| 10} ‘SOA ON SOA ON Sz Y(9€) T'TT  2402s ansodwo) 10 SAWNJOA 1013sU0 O} aWIl  ‘[e18 uep|os
(QELE]
uoissaiboud 9) Juswurene
leaul|d pakeje@ passaiboud 4T Jeuorjednaso nej §0= 1102
- - SOA - €1 (CRakAS ‘uoyeanp3 -d ‘ney ‘@ Idy 450 dagolawil  yg'l8 19904
"ASIN 10§ 10U INq
‘158 passa|g pue gs
-4QD 10} paureiqo
S)|nsal fejiwis ney-d/ney
‘uoissaifold yum ub1y yum asoyy
pare1nosse AGM Buowre Jueanyiubis
10U UOIEINP3 Jay1IaU ‘ney-d/ney
‘dnoJb ney-d/ney MO] YHIM 80y}
MO U] ‘uolssaifoid Buowre Jueanyiubis
191se} y)m pajeloosse 10U1Nq ‘¢ idy ENATA
Sem Ag/M ‘Uo[eINpad 10} Bununoaae ‘1591 passa|g
MO] pue ne} Jaye uoissaiboud Hoys ‘gs-4dn
-d Jo ney ybiy yum |eaiuno passalboid 9z ney ul 8bueyd ‘g0 1102
asoy} Buowe ‘saA - pakejap 'ssA - L6T (02 ¢ee uoneanp3 -d ‘ner1 ‘@ idy 450 daoorswil  ge'le 1930y
(Arejngeoon
d-SIVW\
*A|uo auljaseq uoissaiboud ‘OI-14VN 1D J0
Jaye A +, passaiboud |eaiul|o pakepq passalboid gy 0Z = Xew ‘uoneonpa)  suoifal a|qeiaUINA-QY  wioldwiAs [eatul]d LTOZ ¢'Ie
OUM 3S0U} IO} ‘SOA - SOA ON 144 (9¢) 8TT  2400s ansodwo)d U1 SS8UXIIY} [21110D jojesuo oyawil 1o maibied
(Arejngeoon
d-SIVM sia.ewolq gv ul
uoissaiboid ‘OI-LYVN abueyd {|DIN 0
‘nej-d pue 1eatul]d pafejag passalboid €6 LT = Xew ‘uoiyeanpa) ey woydwAs [eaturd €T0C 1¢
nel-} 4S9 104 ‘SsA ON SIA ON 6€2 ‘(re) 08 8100s ausodwo)d -d ‘ne) ‘Wlgy 450 Jolesuo ojawll  ‘[els uep|os
dD Aq paiipoN Uo11e190SSY NELER] Uo11e190SSY auljeseg  (QS) sdesA sainses|\ ¥O siddewolg av (s)ajgersen Apms
JayJewolrg Jyjsewolg Jyjsewolg 1e 5309[gns ul swi awooIN0
/1eaiul|o pue -d0 auljeseg dO auljsseg [fewloN  dn-mojjod
JayjJewlolg usamiag Jeutpnubuo] 104 Bununodoy Ajpanubod [eatun D
diysuonejay 90UBWIOMId Jo JsquinN ues|N

aniubo) Janeg
Juoissaiboid

au1jaseq 1e uoniubiod [ewiou YiIm sjenplAIpul Buouwe sisx ewolq gy pue YO Usamiaq UoITRIdosse sy Jo salpnis [eulpniibuo

Author Manuscript

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

Clin Geriatr Med. Author manuscript; available in PMC 2021 May 01.



Page 16

Soldan et al.

Jedwesoddiy
ss9|
UMM pajeloosse

‘sndwedsoddiy

[esapeliq

pue Ajixajdwod

saouaLIadxa Jeuoirednaoo nan) awnjoA
Aiosindadns 1031 € 3WINJOA UIeIq-3]oyM ledwesoddiy Z10e
- ybiy ‘seA - 3J1pIW ‘SBA IGT  =Xew ‘s-g 0371  ‘swnjon fedwedoddiH ut abueyd 6 [2 19 0NS
*(3WNJOA JejnaLIuaA
‘134-9a4 ‘ney-d
‘ne}-} 4S0) paLenod
alaM SIaxewolq
J1ay10 usym
JuedLIUBIS paurews.
S103J8 1auljo8p gS-4ad
anuboo parejal ‘60D-SVYaVv
-piojAwe paonpai ‘3103s 8}1s0dwWod
pamoys uo1eanpa 0T = Xew Alowaw 6T0C
ub1y ynm asoy) ‘sax - - - 92 ‘re)oe uoljeanp3 gy 450 urabueyd 'R 19 HOM
(snowojoydIp) 14N
8100 -A18n0231 UOISIaAUI
ado|s Auanoe anniubod parenuane-pingy uo
Ul 92UBIBHIP OU 8)l| 8le|/pIW  S)AIBJUI UIRIG ‘BUWNJOA
g ‘aouewopad panodai-j|as pue AisuguiiadAy Japew  8103s 7 aysodwiod
anIuboa auljaseq 81035 uo1edNI20 alyMm ‘(snowojoyoip) annubod STOC ¢
‘'ON - Janeq ‘ssA ON €6€ L2 Juonednp3 13d-9g!d [edni0d ursbueyy ‘e 18 LNWaA
(suoibas
a|qeIauINA-QY
18sU0 elep Jaysewolq Ul SSauXdiy} [ed1110d
wordwAs 19N auljaseq (Arejngeoon ‘dwinjon Jedwesoddiy
JETEET I REI I UM 0T d-SIVM ‘SsaUN2IL}
pue aouew.opad ‘erep anubod ‘OI-LYVN X809 [eUlyJOlUS 51025 7 8)1sodwod
aniuboo auljaseq /[ea1ulo 0Z = Xew ‘uoieanpa) ‘ney-d ¢ Tgy 450) anubod LTOC g1
‘'ON - J1a19q ‘SaA ON Yyum €0g (zv)T2T  2400s aysodwo) 81095 7 ansodwo) urabueyd ‘e 18 ‘uep|os
‘(ney
-1 48D ‘6d) parienod
91aM SIaxJewolq
Jay10 usym
JuRdLIUBIS paurewsal
‘uoissalfoid
JO S paonpal yum
PaleIO0SSe SeM 8100S elUaWap Ay (swnjon BIIUBWAP
¥D Jaybiy ‘|osinod 0} passalboud |elueIoRUL av pue 1D
dD Aq paiipoN UOI1e120SSY NELER] UOI1e120SSY auljeseg  (QS) siesA sainses\ ¥0 siarewolg av (s)ajgeraen Apms
awo21nQ anubod Jaysewolg J9yjsewolg J9yjJewolg 1e s108[gns ul awig awooNO
/1eaiul|o pue -40 auljeseqd HD auljeseq [ewoN
JaxyJewolg usamiag leurpnyibuo] Jo} Bununoaoy Ajlanmubod
diysuonejay aouRWI0LIad 10 JaquinN

aniuboD 1aneg
Juoissaiboid
[ealuld

pakeja@ yum
pa1eIo0ssy YO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Clin Geriatr Med. Author manuscript; available in PMC 2021 May 01.



Page 17

"X31109 31e|nBuId J01131s0d ‘SO ‘UoIeUILEXS
18IS [BIUBL-IUIL ‘IS ‘Bareuuonsanb saouaLiadxe Wiyl ‘O $8xoq J0 wns-Buiiel enuswap [ea1uld ‘gS-¥aD 81eas-qns Uoniubod-a[eas JUBLISSasse asessIp s, Jawiayze ‘60D-SyYAY SUoneIIqqy

Soldan et al.

awnjoA
AisuaiuadAy aym
(HAM) 2.2 ‘suoibal a|gesauInA
(suoibas (Arejngeaon -av ul ssauaiyy
3|qeJauINA H-SIVMW 1€911102 ‘8100S
awinjoA HINM -av) 152 ‘OI-LdVN Z ansodwiod aqo)
pue aysodwod (1LIN) 882 €8 = Xxew ‘uoiyeanpa) [esodws} [e1paw ‘ney sijewolg  ssaud Ut oo'fe
- ON - HO 'SOA (4s0) 122 (9'2) L'z 21005 aysodwo) -d ‘ney ‘@ Idy 450 av urabueyd 18 maibmad
adojs snaundald pue DOd Ul
Ul 92UBJI3HIP OU wsljogesw 13d-9d4
ng ‘aouewioiad 13d4-904 aJ1] Inoybnoayy pue ]3d-gld ‘Xauod
anINubod auljaseq pue AJAIoE Ge= Aunnoe JeulyJojus pue 90d sIayJewolq 8102 oy
- ON 1a18q ‘SIA  [en19a||a1ul ‘SBA 0. xew (1) € [en1oa|[aiu| U1 SSaUMDIYY [BI1I0D av urabueyd ‘e 18 sIsiep\
(sa]1148)) s1o1Id awn|oA [edweooddiy
gy 489 LHVN ‘(s1ena) ‘suoifal a|qesauINA
Ul au19ap ss3| (ADH) ¢€) uonednaso -av g ul wsijogelsw
YIIM pajeloosse 8zz (9a4) €01 € ‘(sa)1u81) 13d-904 ‘ney Ssleylewolq €T0C gg
— "D 8Yby 'seA - ON  (d4SD)Se'6zz  =Xew ‘e uoneanp3 -d ‘ner1 gy 450 av uisbueyd  “snfer 7 01
(16 elepbAwe
= N) Aydouze 13| pue
dD Aq paiipoN UOI1e120SSY NELER] UOI1e120SSY auljeseg  (QS) siesA sainses\ ¥0 siarewolg av (s)ajgeraen Apms
1 Jaysewolg J9yjsewolg J9yjJewolg 1e s108[gns awooNO
/leaul|D pue -40 aulleseg ¥ auljeseg [ewoN
JaxyJewolg usamiag leurpnyibuo] Jo} Bununoaoy Ajlanmubod
diysuonejay aouRWI0LIad 10 JaquinN
aniuboD 1aneg
Juoissaiboid
[eaund
pakeja@ yum
pa1eIo0ssy YO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Clin Geriatr Med. Author manuscript; available in PMC 2021 May 01.



	OVERVIEW: THE CONCEPT OF COGNITIVE RESERVE
	EVIDENCE IN SUPPORT OF COGNITIVE RESERVE
	LONGITUDINAL ALZHEIMER DISEASE BIOMARKER STUDIES OF COGNITIVE RESERVE AMONG INDIVIDUALS WITH NORMAL COGNITION WHEN FIRST EVALUATED
	Cognitive Reserve, Alzheimer Disease Biomarkers and Risk of Cognitive Impairment
	Cognitive Reserve, Alzheimer Disease Biomarker and Rate of Cognitive Decline
	Cognitive Reserve and Rate of Change in Alzheimer Disease Biomarkers

	PATHWAYS LINKING COGNITIVE RESERVE TO COGNITIVE AND CLINICAL OUTCOMES
	COGNITIVE RESERVE AND PUBLIC HEALTH: PRACTICAL IMPLICATIONS
	References
	Fig. 1.
	Table 1

