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Synopsis

The concept of cognitive reserve (CR) was proposed to account for the discrepancy between levels 

of brain pathology or damage and clinical and cognitive function. This article provides a detailed 

review of prospective longitudinal studies that have investigated the interaction between CR and 

Alzheimer’s disease (AD) biomarkers on clinical and cognitive outcomes among individuals with 

preclinical AD. Current evidence is consistent with the view that higher levels of CR are 

associated with a delay in the onset of symptoms of mild cognitive impairment and that there may 

be multiple pathways by which CR exerts its protective effects.
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Overview: The Concept of Cognitive Reserve

The aging of the population, which is accompanied by an increasing prevalence of 

Alzheimer’s disease (AD), makes it imperative to identify factors that reduce risk of onset of 

dementia. Cognitive reserve is increasingly being studied as one potential mechanism for 

reducing the risk of cognitive decline and dementia among older adults. The concept of 

cognitive reserve grew out of observations that there can be a marked discrepancy between 
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an individual’s clinical symptomatology and estimates of the amount of neuropathology in 

the brain For example, an early study by Stern et al. (1992) 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 pathology, as indicated by less 

cerebral blood flow in AD-vulnerable regions1.

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 neuropathology or injury before showing symptoms of functional decline2. 

Although the concept of CR has primarily been studied within the context of Alzheimer’s 

disease, it is hypothesized to apply to any brain disease or condition that results in brain 

damage, and an increasing number of studies support this proposal3–5. It has also been 

proposed that CR moderates the relationship between brain changes and age-related 

cognitive decline2,6.

In this review, 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 cognitive 

reserve, AD pathology, and subsequent cognitive change or impairment among individuals 

who were cognitively normal when first evaluated. We have focused on studies of 

individuals with normal cognition at baseline because it is now recognized that AD 

pathology begins to develop when individuals are cognitively normal, a phase of the disease 

commonly referred to as preclinical AD7. As such, these types of studies provide insight into 

how and to what extent cognitive reserve 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%8.

Evidence in Support of Cognitive Reserve

Supporting the concept of cognitive reserve (CR), many large prospective epidemiological 

studies of initially non-demented individuals have shown that more years of education9, 

greater occupational breadth and complexity9,10, and greater lifetime engagement in 

cognitively stimulating activities11 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 tests12. 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.12,13 Thus, epidemiological 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, while the impact of CR on the trajectory of cognitive 

decline is less clear. Epidemiological research on CR, however, has generally been limited 

by a lack of measures of underlying AD pathology. As such, these types of studies cannot 
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directly examine whether and how measures of CR affect the association between levels of 

neuropathology and cognitive performance.

Thus, studies that have incorporated biomarkers, which are considered an indirect reflection 

of underlying neuropathology, are of particular importance in clarifying the mechanisms by 

which CR may be protective. The majority of studies on CR with biomarker measures of AD 

pathology have been cross-sectional in nature. A common finding of cross-sectional studies 

is that at similar levels of cognitive functioning, individuals with higher CR tend to have 

biomarker measures reflecting higher levels AD pathology in the brain. For example, 

atrophy measures based on magnetic resonance imaging (MRI)14–16 and levels of amyloid 

and tau, derived from PET imaging17,18, or measured in cerebrospinal fluid (CSF),19 tend to 

be more abnormal among individuals with higher CR. These findings suggest that the effects 

of AD pathology 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 

pathology may be reduced among individuals with higher CR20–22. 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 pathology. The same factors that have been associated with CR (such as 

educational and occupational attainment) may also minimize the accumulation of pathology, 

a concept known as brain maintenance23 that has been proposed as a complimentary 

mechanism to CR. Thus, longitudinal studies addressing CR may also be relevant to the 

concept of brain maintenance.

Longitudinal AD 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 (see Table 

1). These studies have examined three major themes: (1) the association between baseline 

measures of CR and baseline AD biomarker levels in relation to the time to progress to 

cognitive impairment24–28, (2) the association between baseline measures of CR and 

baseline AD biomarker levels in relation to the rate of change in cognition13,29, and (3) the 

association between baseline measures of CR and the rate of change in AD biomarkers over 

time25,26,30,31.

Cognitive Reserve, AD 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 
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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 vs. low levels of the biomarker.

Two studies24,26 addressed this question by testing whether the association between 

structural MRI measures of brain atrophy and the time to symptom onset of MCI is modified 

by CR, as quantified by a composite measure of CR (i.e., a composite z-score composed of 

years of education, and measures of vocabulary and reading ability). Soldan et al. (2015) 

found that the baseline volumes of three 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 (i.e., delayed symptom onset)26. Only one 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 et al. (2017) 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 baseline24. 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. Additionally, 

Pettigrew 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 pathology levels increase. Taken 

together, the results from these two 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.

Three 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), and 

phosphorylated tau (p-tau) in relationship to the risk of progression to cognitive 

impairment25,27,28 For the findings regarding the relationship between CR and CSF abeta, 

two 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 education27 or a composite score25). Similarly, 

the third study reported that fewer years of education and lower (i.e., more abnormal) CSF 

abeta levels were significantly associated with a faster time to onset of cognitive impairment, 

however, the interaction between the two measures was not examined28. 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, one of the primary 

pathological hallmarks of AD.
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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 et al. (2013) 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 MCI25. 

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, though 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 et al. (2017) using MRI measures of neuronal injury24. 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 et al. (2013)25 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 

elevated 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, elevated tau/p-tau levels were more predictive of progression.

The findings by Roe et al. (2011)27 were somewhat different, as they reported a threeway 

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 two-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 to 8 years in Soldan et al., 2013). 

Additionally, 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 education24,32,33. The second study by Roe et al. (2011)28 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. While the effects of abeta and CR on the time to symptom onset 

appear to be independent of one another, there is some evidence that the protective effects of 

CR are modified by CSF t-tau and p-tau levels.

Soldan et al. Page 5

Psychiatr Clin North Am. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cognitive Reserve, AD Biomarker and Rate of Cognitive Decline

Only two 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 baseline13,29. In both studies, 

cognitive performance was quantified with a composite z-score composed of measures from 

multiple cognitive domains. Vemuri et al. (2015)29 operationalized CR in two ways, with 

one score reflecting educational and occupational attainment and the other indexing mid and 

late-life cognitive leisure activities. 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 PiB-PET imaging, and independent 

of cerebrovascular disease, as measured by white matter hyperintensities and brain infarcts 

on FLAIR-MRI. Importantly, there was no interaction between the measures of CR and the 

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 et al. (under review)13 also reported that, independent of AD 

biomarker levels, higher CR (as indexed by a composite score) was associated with better 

cognitive performance but did not alter the rates of cognitive change while individuals were 

asymptomatic (mean follow-up = 11 years). In this study, AD pathology 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 et al. 

(submitted) also examined rates of change in cognition after the onset of symptoms of MCI. 

In line with theoretical predictions2, individuals with higher CR showed faster rates of 

cognitive decline than those with lower CR after they became symptomatic13. Additionally, 

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 group13. 

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. Taken together, the results from studies 

investigating the combined effects of CR and AD biomarkers on cognitive change and time 

to symptom onset suggest that after accounting for baseline pathology levels, CR does not 

alter cognitive trajectories prior to symptom onset, but it does significantly delay the onset of 

symptoms by several years.

Cognitive Reserve and Rate of Change in AD 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 is limited by relatively short follow-up periods (2–4 years of longitudinal 

biomarker data, on average). Lo and Jagust (2013)30 reported that among a group of 35 

cognitively normal individuals, higher scores on CR proxy variables (i.e., measures of 

education, occupation, and reading/vocabulary) were associated with less longitudinal 
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decline in CSF abeta, but not with change in MRI hippocampal volume or FDG PET 

metabolism. Suo et al. (2012)31 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 two studies with larger samples (N=239 and N=245), there was no relationship between a 

baseline CR composite and rates of change in CSF abeta, t-tau, and p-tau25, or MRI 

measures of the hippocampus, amygdala, or entorhinal cortex26. 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. Figure 

1 illustrates four 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 onset25,27. (2) Second, CR may interact with 

markers of pathology or brain health to influence future cognitive decline or risk of 

progression. For instance, smaller volumes or thickness in some AD vulnerable brain 

regions appear to be a stronger risk factor for developing cognitive impairment among 

individuals with low CR than those with higher CR24,26. Also, the protective effects of CR 

on clinical outcomes appear to diminish as levels of neuronal injury increase25, suggesting 

that the neural mechanisms of CR become overwhelmed by pathology. (3) A third 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 reducing the rate of AD pathology 

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 accumulation34. To the 

extent that these midlife vascular risk factors are associated with CR proxy measures, such 

as educational or occupational attainment35–37, CR may influence the accumulation of AD 

pathology indirectly via health-related behaviors in early and mid-life. (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 pathology increase with age. Preliminary evidence from cross-sectional 

studies suggests that the association between age and AD pathology levels20 or age-related 

structural brain changes21,22 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. Evidence from cross-sectional suggests that CR may 

be implemented in the brain in the form of greater neural efficiency and speed38–40, neural 

capacity, neural compensation39,41, and greater functional connectivity42. Longitudinal 

studies will be necessary to test whether these putative mechanisms of CR are associated 
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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.

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 

preserving cognitive function in old age, even while brain pathology levels are rising. 

Current evidence suggests that higher CR is associated with approximately a 50% reduction 

in the risk of symptom onset of MCI24–26,33 and may delay the onset of symptoms by 

several years13. 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’s disease 

(AD).

• Recent findings suggest that the protective effects of CR may be independent 

of amyloid pathology, 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 pathology.

• Prospective longitudinal biomarker studies are needed to investigate the 

mechanisms by which CR alters future risk of cognitive decline.
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Figure 1. 
Illustration of four 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.

I) CR is linked to outcomes in a way that is unrelated to biomarker levels.

II) CR moderates the relationship between biomarkers and outcomes.

III) CR has a direct effect on biomarker levels (i.e., onset or rate of accumulation).

IV) 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.)
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