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associated with cerebrovascular disease. Overall, the asso-
ciations are weak. Some factors, such as education, social 
networks, and purpose in life, modify the relation of neuro-
pathology to cognition. Finally, some factors such as cogni-
tive activity appear to bypass known pathologies altogether 
suggesting a more direct association with biologic indices 
that promote person-specific differences in reserve and 
resilience. Future work will first need to replicate findings 
across more studies to ensure the veracity of the existing 
data. Second, effort is needed to identify the molecular sub-
strates of neural reserve as potential mediators of the asso-
ciation of lifestyle factors with cognition.

Keywords  Aging · Dementia · Risk factors · 
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Introduction

It has long been known that the common neuropathologies 
associated with dementia, including Alzheimer’s disease 
(AD), cerebrovascular disease (CVD), and Lewy body dis-
ease (LBD) can be found in the brains of persons without 
obvious dementia [30, 39, 67, 130, 131]. These findings 
have been replicated and extended in numerous clinical-
pathologic studies across a wide range of different cohort 
studies all with their distinctive strengths and weaknesses. 
Significant amounts of AD, CVD and LBD can be found 
in the brains of up to a third of persons without dementia 
and an even greater proportion of those with mild cogni-
tive impairment (MCI) prior to death [13, 20–22, 35, 68, 
94, 112, 124, 132]. Overall, the discordance between neu-
ropathology and cognitive impairment constitutes prima 
facie evidence for the role of some type of neural, brain or 
cognitive reserve [43, 85, 107, 125, 155].

Abstract  Many studies report an association of cogni-
tive and social experiential factors and related traits with 
dementia risk. Further, many clinical-pathologic studies 
find a poor correspondence between levels of neuropathol-
ogy and the presence of dementia and level of cognitive 
impairment. The poor correspondence suggests that other 
factors contribute to the maintenance or loss of cognitive 
function, with factors associated with the maintenance of 
function referred to as neural or cognitive reserve. This has 
led investigators to examine the associations of cognitive 
and social experiential factors with neuropathology as a 
first step in disentangling the complex associations between 
these experiential risk factors, neuropathology, and cogni-
tive impairment. Despite the consistent associations of a 
range of cognitive and social lifestyle factors with cognitive 
decline and dementia risk, the extant clinical-pathologic 
data find only a single factor from one cohort, linguis-
tic ability, related to AD pathology. Other factors, includ-
ing education, harm avoidance, and emotional neglect, are 
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Reserve likely has both structural and functional com-
ponents. Structural or “neurocentric” components include 
macrostructure such as head circumference or intracranial 
volume [16, 51, 114, 115] which reflect brain development. 
Generally, these studies have replicated a link between 
smaller cranial size and greater dementia risk, especially 
in women. There are also microstructure components such 
as synaptic proteins, neuronal density, and neuronal hyper-
trophy. These too have been associated with cognition and 
appear to account in part for neural reserve [3, 35, 59, 61, 
62, 100, 151]. The functional component is much more dif-
ficult to obtain from post-mortem tissue. Some efforts are 
being deployed in this direction. For example, one group 
has reported the functional biochemical activation of down-
stream signaling molecules in postmortem brain tissue to 
BDNF or insulin stimulation [128, 140]. Another approach 
is to use psychosocial variables to identify lifestyle factors 
clustered around complex mental stimulation (e.g., cogni-
tive lifestyle [134]) that predict the rate of cognitive decline 
and AD risk. Years of formal education was among the first 
cognitive or social lifestyle factors associated with the prev-
alence of dementia and thought to be a proxy for some type 
of neural reserve [159]. The association between educa-
tion and dementia now has been replicated in many, though 
not all studies, and has been extended to include incident 
disease [5, 15, 25, 26, 44, 79, 91, 93, 95, 126, 135, 143, 
156]. The reasons for the discrepant findings are numer-
ous. In a quantitative sensitivity analysis of cohort studies 
that examined education and incident dementia, the overall 
dementia case-rate for the cohort was highly explanatory—
cohorts with higher incidence rates tended to find a protec-
tive effect of more education on dementia risk compared to 
those with low incidence rates [133].

The initial focus on education has since expanded to 
other related constructs including occupational complexity, 
linguistic ability, bilingualism, and cognitive, leisure and 
social engagement, all of which have been linked to demen-
tia, in addition to related personality characteristics [15, 25, 
45, 48, 58, 78, 105, 109, 117, 134, 138, 139, 154]. Like 
education, the association of cognitive and social lifestyle 
factors with cognitive decline and dementia risk has been 
interpreted as evidence of reserve. The neuropathologic and 
neurobiologic mechanisms linking experiential factors with 
dementia represent a new area of active investigation.

Incorporating neuropathology into studies of lifestyle 
and cognition

This review synthesizes the extant data regarding poten-
tial neuropathologic bases that underlie the association of 
cognitive and social lifestyle experiences with cognitive 
decline and dementia. Nine studies were identified that 

link one or more cognitive or social lifestyle experiences 
to neuropathology and cognition (Table 1). To our knowl-
edge, this represents all of the published data on this spe-
cific topic to date.

Two studies of education are clinic-based. These 
recruited either cases only (DSP [57]) or cases and controls 
(NACC [6]) from different sources, i.e., cases evaluated at a 
specialized dementia center and controls recruited through 
a variety of recruitment strategies. These studies are sub-
ject to the biases of studying risk factors in clinic-based 
studies using different schemes to identify cases and con-
trols. One is a retrospective population-based autopsy study 
(BABSG [53]) with all clinical data, including dementia 
status, obtained after death via structured interview with 
knowledgeable informants. These studies all suffer from 
different selection biases and variable autopsy rates with 
largely specified, if any, denominators (i.e., X autopsies of 
Y deaths) that allow comparing the characteristics of those 
who came to autopsy to those who did not [113, 123].

Ideally, the neuropathologic biospecimens necessary to 
rigorously investigate the associations of lifestyle factors 
across the life course should come from well-established, 
prospective, community-based cohort studies with lifestyle 
factors determined prior to dementia onset and participants 
having long follow-up phases to capturing cognitive decline 
and incident dementia prior to autopsy. However, few such 
studies exist that meet these criteria. We found three Euro-
pean studies that are truly population-based (MRC, CC75, 
Vantaa [21, 47, 92]). These lend their findings to greater 
generalizability which is a major strength. However, they 

Table 1   List of clinical-pathologic studies linking cognitive and 
social activities to neuropathology and cognition in late life

Population-based prospective cohort studies

 Medical Research Council Cognitive Function and Aging Study 
(MRC CFA); England and Wales [21]

 Cambridge City over-75 s Cohort study (CC75); England [47]

 Vantaa 85+; Finland [92]

 Epidemiological Clinicopathological Studies in Europe (EClipSE) 
study (MRC CFA, CC75, and Vantaa 85+) [41]

Community-based cohort studies of special populations

 Rush Memory and Aging Project (MAP); Northeastern Illinois [11]

 Nun study; School Sisters of Notre Dame, USA [119]

 Religious orders study (ROS); more than 40 Religious Orders, USA 
[10]

Retrospective population-based study

 Brazilian Aging Brain Aging Study Group (BABSG); Brazil [53]

Clinic-based studies

 Dementia Study Project (DSP); University of Western Ontario, 
Canada [57]

National AD Coordinating Center (NACC); 27 AD research centers, 
USA [6]
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tend to have relatively low autopsy rates which is a poten-
tial weakness. This is outweighed in large part by the abil-
ity to carefully examine and if necessary adjust for differ-
ences between those who did and did not come to autopsy. 
The remaining three are community-based volunteer cohort 
studies, one of lay persons (MAP [11]) and two restricted 
to Catholic clergy (Nun study, ROS [10, 119]). These stud-
ies have the advantage of very high clinical follow-up and 
autopsy rates, thus minimizing biases that can be intro-
duced in studies with occasional autopsies that may not 
be representative of the overall cohort under study. Thus, 
community-based studies with high autopsy rates have 
excellent internal validity. However, they are limited in the 
inferences that can be drawn to the community because of 
the inherent selection bias due to their volunteer nature. In 
particular, they may be enriched for persons with a family 
history of dementia and thus differ genetically which has 
the potential to alter the relationship between the lifestyle 
factors and neuropathology or cognition or both.

All of the community-based studies are subject to all 
of the potential biases and limitations of causal inferences 
inherent in even the most well-conducted analytic epide-
miologic studies. In particular, persons who are more edu-
cated, and cognitively and socially engaged differ from 
those who are not by many factors leaving the possibility 
of residual confounding. The exposure factors tend to be 
studied one by one, while controlling for the others when 
possible, yet they may not be independent. Only one study 
to date has made a composite of some of these variables 
[134]. However, these epidemiologic studies are subject to 
a few additional limitations and potential biases as a result 
of incorporating neuropathology. First, we are interested 
in understanding the neuropathologic basis of the asso-
ciation of several cognitive and social lifestyle experiences 
to cognitive decline and dementia, i.e., is neuropathology 
mediating or modifying the association of lifestyle factors 
with cognition. However, the brain is obtained at the end of 

the study. Thus, the causal inference that we wish to make 
results in presenting the data in a temporal order that does 
not correspond with reality. Thus, the potential for reverse 
causality must be explored very carefully. Second, as dis-
cussed, one needs to pay careful attention to understand-
ing differences between those who did and did not come 
to autopsy as most studies show important differences that 
are related to some of the exposure variables of interest. 
Finally, death itself is both informative censoring and a 
competing risk for dementia, and is related to some of the 
lifestyle factors of interest [4, 88, 89]. All of these factors 
should lead one to be skeptical of findings and to examine 
the methods of each study in detail to arrive at the appropri-
ate conclusion and inference.

It is essential that findings be replicated in multiple stud-
ies as is necessary for all data from analytic epidemiologic 
studies. Unfortunately, the number of studies so far is small 
and the range of lifestyle factors available in the cohorts is 
limited. In fact, most data on lifestyle factors come from a 
single study (Table 2). The exceptions are education which 
has been examined in several studies and cognitive activity 
which has been studied in two.

Education

The Dementia Study Project [32] was the first to examine 
the relation of education to neuropathology. The sample 
included 95 patients with dementia evaluated at a tertiary-
care dementia clinic that came to autopsy. The authors 
found associations between education and macroscopic 
infarctions with a trend for more white matter lesions. They 
failed to find an association between education and brain 
weight, neuritic plaques or neurofibrillary tangles, or nigral 
or limbic Lewy bodies.

The relation of education to neuropathology was also 
examined in 60 sisters in the Nun study [84]. The authors 
failed to find an association between education and the 

Table 2   List of cognitive and 
social activities examined by 
cohort

Lifestyle factors EClipSE BABSG Nun study ROS/MAP DSP NACC

MRC CC75 Vantaa ROS MAP

Education X X X X X X

Linguistic ability X

Late life cognitive activity X X

Early life cognitive activity X

Social networks X

Loneliness X

Purpose in life X

Harm avoidance X

Emotional neglect X

Conscientiousness X

Cognitive lifestyle composite X
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likelihood of meeting pathologic criteria for AD independ-
ent of clinical status. They did not report on the association 
with vascular disease.

Two papers from the religious orders study examined the 
relation of education to AD pathology and cognition. The 
first quantified the density of AD plaque and tangle pathol-
ogy identified by classic silver staining in 130 autopsied 
participants [14]. The number of persons with dementia 
was not provided but the mean mini-mental status examina-
tion (MMSE) was only 23.1 suggesting many were without 
dementia. Like the prior two studies, the authors failed to 
find a direct association between education and measures 
of AD pathology. However, the authors further examined 
the extent to which education modified the relation of AD 
pathology to dementia (i.e., Fig. 1, lifestyle III). Here, the 
authors found strong evidence of effect modification such 
that more years of formal education reduced the deleterious 
impact of AD pathology on the odds of dementia. Interest-
ingly, the findings were robust for both neuritic and diffuse 
plaques but not for neurofibrillary tangles. Similar relation-
ships were seen with a measure of global cognition proxi-
mate to death. A subsequent immunohistochemical study 
in the same cohort quantified amyloid-β load based on 
image analysis and tau tangle density based on stereolog-
ical-assisted counting for density in 156 participants [12]. 
Again, the mean MMSE was 23.0. The authors found that 
education strongly modified the relation of amyloid pathol-
ogy to cognition but not tau tangle density. The authors 
hypothesized that the beneficial effect of education was 
likely early in the disease process when amyloid is more 
prominently related to cognition [13].

The relation of education to neuropathology was exam-
ined using data from the National AD Coordinating Center 
(NACC). The first study was restricted to 2,372 persons, 
30  % without dementia, over age 65 who were evaluated 
within a year of life and met pathologic criteria for AD 

[103]. As in the above studies, the authors found that level 
of education was associated with dementia consistent with 
a main effect of education on dementia status. However, 
in this study limited to persons meeting pathologic crite-
ria for AD, the authors failed to replicate the interaction 
of education with AD pathology and cognition seen in the 
religious orders study. The same authors conducted a fol-
low-up study restricted to 1,563 NACC participants, 18 % 
without dementia, with semi-quantitative measures of AD 
pathologic burden [102]. Interestingly, they found an inter-
action of education with pathology, but it was in the oppo-
site direction to that reported in the religious orders study. 
In other words, education increased the likelihood that 
neuritic plaques were associated with dementia. The effect 
modification was not seen for diffuse plaques or tangles. A 
third NACC study by a different group of investigators used 
data from 2,051 participants with MMSE available within 
2 years of death (mean MMSE = 11.5) [69]. The findings 
were similar to the prior study such that education was 
associated with a much higher MMSE among those with 
little AD pathology, but not among those with severe AD 
pathology.

The associations of education, neuropathology, and 
dementia were also examined using data from the Epidemi-
ological Clinicopathological Studies in Europe (EClipSE) 
[42]. The authors used data from 872 persons, 44  % of 
whom were dementia free. They did not find a main effect 
of education on brain weight, neurodegenerative or CVD 
markers. However, education decreased the odds of demen-
tia among those with low but not high brain weight. By 
contrast, education reduced the odds of dementia for low 
but not high Braak stage, similar to the NACC data.

The most recent study used data from the Brazilian 
Aging Brain Study Group (BABSG) [46]. Unlike the prior 
studies from North America and Western Europe with rela-
tively high levels of education, this study included persons 
with extremely low levels of education including many 
without any formal education. Of 675 persons, 65 % had a 
clinical dementia rating (CDR) scale <1 and 19.3 % had no 
formal education while 60.7 % had only 1–4 years of for-
mal schooling. Education modified the relation of burden 
of CVD on CDR such that among those with more educa-
tion, CVD was associated with a lower CDR, i.e., reduced 
odds of dementia. However, education did not modify the 
relation of AD pathology and Lewy bodies to CDR.

Summary

Overall, the data suggest that education is related to cog-
nition and dementia status irrespective of the presence, 
amount, or type of pathology. Some studies found that low 
education was either directly related to CVD or modified 
the relation of CVD to dementia status. Education was not 

Fig. 1   Schematic representing three potential classes of mechanisms 
linking cognitive and social lifestyle factors with neuropathology and 
dementia. Lifestyle I is a direct disease effect on neuropathology such 
that it is directly associated with more or less pathology. Lifestyle II 
represents a modulatory effect such that the experiential factor alters 
the relation of pathology to cognition, i.e., increases or decreases the 
probability of dementia for any given level of neuropathology. Life-
style III represents a pathway linking lifestyle to dementia that is 
unrelated to classic neuropathology
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directly related to AD pathology. However, several studies 
found that education modified the relation of AD pathology 
on dementia and level of cognition. If so, the data suggest 
that the beneficial effect may be early in the disease pro-
cess. However, with sufficient AD pathology, it appears that 
there is no longer a beneficial effect of education and the 
effect modification may parodoxically be in the opposite 
direction of what would be expected. This crossover effect 
is similar to that of education with cognitive decline seen 
clinically, whereby education is associated with a slower 
rate of decline prior to but a faster rate of decline following 
dementia onset. Thus, education appears to not only delay 
the onset of cognitive decline but is also associated with 
a more rapid progression once decline commences and a 
greater risk of adverse health outcomes [108, 127]. Recent 
studies have examined this elegantly with random change 
point models [54, 157] as well as multistate modeling [76]. 
The findings illustrate that education is initially associated 
with a slower rate of cognitive decline, delays the onset of 
the change point or recovery from an impaired cognitive 
state, but is then associated with a more rapid decline. The 
primary explanation for this effect is that more education 
(and other reserve-related lifestyle activities) may result in 
the compression of cognitive morbidity in later life [75]. 
Compression of morbidity results from extending disa-
bility-free survival and compressing morbidity into fewer 
years at the end of life [50]. While the data from education 
and other related variables can be viewed in this context, 
the concept is not universally accepted [29]. The concept 
of compression of morbidity also may be related to termi-
nal decline where one can show a marked increased rate of 
cognitive decline in the years prior to death [86, 129, 144]. 
In fact, there is evidence that education can delay the onset 
of terminal decline [87]. Finally, the findings suggest that 
the full range of education levels has a beneficial effect 
from just a couple of years in BABSG to many years in the 
Nun study and the religious orders study. Thus, while edu-
cation is likely a proxy for many factors related to socio-
economic status that confer a range of health benefits, the 
beneficial effects do not appear to be present across a wide 
range of levels of educational attainment.

Linguistic ability

The relationship of early life linguistic ability to meas-
ures of neuropathology was examined in the Nun study 
[120]. The authors took advantage of archival autobiogra-
phies written by the sisters at the time of their final vows 
at an average age of 22. They investigated two linguistic 
measures derived from the essays of 93 sisters from the 
order in Milwaukee: idea density (i.e., the average num-
ber of ideas per TEN words) and grammatical complexity 

(i.e., sophistication of sentence structure). Both meas-
ures were strongly related to MMSE scores in late life. 
Further, among 14 sisters who came to autopsy, low idea 
density was associated with AD pathology, especially neu-
rofibrillary tangle density. By contrast, grammatical com-
plexity was not related to neuropathology. A subsequent 
publication nearly a decade later, with 90 sisters coming 
to autopsy, confirmed these associations and also demon-
strated associations with lower brain weight and more cer-
ebral atrophy [99]. A separate study of 74 sisters failed to 
find an association between idea density and the severity 
of atherosclerosis or macroscopic infarctions [84]. This is 
the only study of which we are aware that found a direct 
association with measures of AD pathology. Unfortunately, 
the availability of written essays with uniform instructions 
is unlikely to be available in any other study. Thus, the find-
ings are likely only to be extended by further work in this 
unique cohort.

Cognitive activity

The finding that education buffers the deleterious cognitive 
effects of AD and possibly CVD pathology raises the possi-
bility that other experiential factors may also have a benefi-
cial effect. One factor is engagement in cognitively stimu-
lating activities. In one study of more than 700 participants 
in the Rush Memory and Aging Project, the investigators 
created measures of past and current life participation in 
cognitively stimulating activities [152]. In this cohort and 
the religious orders study, an activity was considered cog-
nitive if it included information processing as a central fea-
ture, and if physical demands and social requirements were 
minimal [145]. The measures covered a range of activities 
that varied by the perceived degree of mental stimulation 
from puzzles to watching television and listening to the 
radio. Past life included items about childhood activities 
(ages 6 and 12), young adulthood (age 18), and middle age 
(age 40). Current activities were those endorsed at study 
baseline and annually thereafter. The authors first demon-
strated that both past and current activities predicted inci-
dent AD, incident MCI, and cognitive decline in separate 
models, controlling for education and other socioeconomic 
indices. However, the effect of past activity was attenuated 
and no longer significant when both past and current activi-
ties were examined in a single model. The authors subse-
quently examined the relation of past and current activi-
ties (both at baseline and average over all study years) to 
amyloid load, tangle density, Braak stage, Lewy bodies 
and macroscopic infarctions in more than 100 participants 
and failed to find any associations. In a subsequent paper, 
the authors modeled the relation of past and current activi-
ties to cognitive change over multiple years prior to death 
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controlling for education, amyloid load, tangle density, 
Lewy bodies and both macro- and microscopic infarctions 
[149]. In these analyses, both past and current activities 
were associated with a slower rate of cognitive decline and 
together accounted for 14 % of the variability of cognitive 
change over several years prior to death suggesting that it is 
a very important factor.

Another study used latent variable modeling to combine 
education, cognitive activities and other socioeconomic 
indices with neuropathologic data from more than 650 per-
sons in the religious orders study and Rush Memory and 
Aging Project [98]. The authors created a latent neural 
reserve variable based on the residual term when regressing 
cognitive function on neuropathologic indices including 
neuritic and diffuse plaques, tangles, CD, and LBD. They 
subsequently examined predictors of reserve and found 
that midlife cognitive activity was the strongest predictor 
of reserve followed by late life (current) cognitive activity.

Summary

Overall, the data suggest that cognitive activity across the 
lifespan is related to cognition and dementia status regard-
less of the presence and amount of pathology. Further, it 
appears to capture a significant amount of the variability of 
decline making it worthy of future study.

Social engagement

Several reports from two cohort studies have examined the 
relation of various aspects of social engagement and related 
personality characteristics to measures of neuropathology 
and dementia status.

The first study used data from 89 participants in the 
Rush Memory and Aging Project to investigate the poten-
tial protective effect of social networks [9]. Social net-
works were assessed by standard questions regarding the 
number of children, family and friends with whom the 
participant feels close to and how often they interacted 
with them. Impoverished social networks are known to be 
associated with a wide range of adverse health outcomes. 
While there was no main effect of social networks on 
either cognition or amyloid load or tangle density, social 
networks strongly modified the relation of both amyloid 
and tangles to cognition proximate to death such that amy-
loid and tangles had little effect on cognition in the pres-
ence of a large network. The finding was robust and per-
sisted after controlling for cognitive, physical, and social 
activity, depressive symptoms, and number of chronic dis-
eases. It should be noted that the average MMSE proxi-
mate to death was 24.0 suggesting that these persons had 
a relatively high level of cognition. Like education, it’s 

possible that in the presence of more severe cognitive 
impairment due to high levels of pathology, the effect 
would be attenuated.

Another report using data from the same cohort study 
examined the relation of loneliness, a measure of perceived 
social isolation, to cognitive outcomes and AD pathology 
[150]. The authors used data from more than 800 partici-
pants who completed a loneliness scale and found that 
loneliness was related to the development of incident AD 
and to rate of cognitive decline. The finding was robust 
and persisted after controlling for numerous confounders 
including social networks, and social, cognitive, and physi-
cal activities, disability and depressive symptoms. Interest-
ingly, in 135 persons who came to autopsy, loneliness was 
not related to amyloid load or tangle density, or cerebral 
infarctions.

A third set of reports from the same cohort examined the 
relation of purpose in life—the psychological tendency to 
derive meaning from one’s experiences and a sense of goal 
directedness to guide behavior—and AD pathology [17]. 
The authors first demonstrated that purpose in life, assessed 
in more than 900 participants, was associated with incident 
AD, incident MCI, and cognitive decline [18]. The finding 
was robust to controlling for social networks, neuroticism, 
depressive symptoms, and number of comorbidities. Subse-
quently, they showed that purpose in life modified the asso-
ciation of a global measure of AD pathologic burden and 
change in cognition over multiple years prior to death [19]. 
Interestingly, the association was strong for tangle density 
but not for amyloid load.

A fourth set of analyses from the same cohort examined 
the relation of harm avoidance, a behavioral trait related to 
behavior inhibition composed of four subscales, to demen-
tia risk and neuropathology. In nearly 800 persons followed 
longitudinally, harm avoidance was associated with risk of 
AD [146]. The finding was seen in three of the four sub-
scales, anticipatory worry, fear of uncertainty, and fatiga-
bility; it was not found with shyness. Harm avoidance was 
also associated with risk of MCI and with change in cog-
nitive function across multiple domains. Among more than 
100 persons who came to autopsy, it was not associated 
with measures of AD pathology. In a follow-up study with 
more than 250 autopsies, the authors found associations 
with both macroscopic and microscopic subcortical infarc-
tions [148].

A final set of analyses using data from more than 200 
participants from the same cohort found that emotional 
neglect, a facet of childhood adversity, was directly asso-
ciated with both micro- and macroscopic infarctions, par-
ticularly cortical microinfarcts and subcortical macroscopic 
infarcts [147]. Analyses were robust to controlling for early 
and late life socioeconomic status, body mass index, physi-
cal activity, smoking, diabetes, and blood pressure.
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A study using data from nearly 1,000 participants in 
the religious orders study examined the association of 
conscientiousness to cognitive outcomes and neuropathol-
ogy [153]. Conscientiousness—a component of the 5-fac-
tor model of personality, also known as will, work, and 
dependability—is linked to impulse control and goal direct-
edness. Higher conscientiousness was found to be associ-
ated with a reduced risk of incident AD and incident MCI, 
and to a slower rate of cognitive decline. It had no main 
effect on pathology among 324 persons with autopsy at 
the time. However, it had an unanticipated interaction with 
pathology such that higher conscientiousness increased the 
impact of tangle density and macroscopic infarctions on 
cognitive function. There were no associations with amy-
loid or Lewy bodies.

Summary

Overall, these studies suggest complex relationships 
between several social experiential factors and related per-
sonality constructs to brain pathology and dementia. Some, 
such as social networks appear to reduce the deleterious 
effects of AD pathology. However, loneliness or perceived 
social isolation appears to have an effect irrespective of 
AD pathology. Harm avoidance, related to behavioral 
inhibition, and emotional neglect, a facet of childhood 
adversity, had a direct association with cerebral infarc-
tions. Finally, conscientiousness, a personality component 
related to goal directedness, is associated with a lower inci-
dence of dementia and a slower rate of cognitive decline 
but increases rather than decreases the relation of AD and 
infarct pathology on cognition. However, it should be noted 
that these studies are in need of replication. As there are 
few cohort studies with neuropathology that include these 
indices, it is likely that replication will come from neuro-
imaging studies. Such work is already emerging [24, 33, 
66, 77, 110]. Finally, whether these predisposing personal-
ity or personal style factors represent reserve-related pro-
cesses or rather health-related background factors is still a 
matter of debate and further work.

Cognitive/social lifestyle composites

Investigators with the United Kingdom Medical Research 
Council Cognitive Function and Aging Study (MRC-
CFAS) created a composite lifestyle variable based on edu-
cational attainment, occupational complexity, and social 
engagement. Individuals were classified as high, medium 
or low based on sex-specific tertiles. These indices were all 
previously shown to predict incident dementia in the entire 
cohort [134]. A total of 329 persons came to autopsy, 153 
of whom were without dementia. Pathologic assessments 

were based on the Consortium to Establish a Registry of 
Alzheimer’s Disease (CERAD). The lifestyle groups did 
not differ by semiquantitative indices of AD. However, men 
with an engaged lifestyle had less cerebrovascular disease, 
and women had greater brain weight. No group differences 
were evident in hippocampal neuronal density. In a sub-
study of Brodmann area 9 in 72 matched pairs of high and 
low engagement, cognitively active individuals had signifi-
cantly greater neuronal density and greater cortical thick-
ness. Hence, this study is one of the few to show a potential 
disease-modifying mechanism in relation to CVD (in men), 
and possible correlates of compensatory prefrontal changes 
in both men and women.

Potential pathways linking lifestyle factors 
to neuropathology and cognition

Overall, there is published data on nine cognitive and social 
experiential and related factors associated with demen-
tia risk, and their association with measures of common 
dementia neuropathologies. Conceptually, the data suggest 
that there are at least three pathways by which measures in 
the brain, such as neuropathology, may link lifestyle factors 
to cognition. For discussion, we designate them as lifestyle 
factors I, II, and III (Fig. 1). These lifestyle factors are not 
mutually exclusive and it is likely that more than one life-
style factor will operate through more than one pathway. 
However, the schematic is useful for helping frame our 
thinking regarding how we proceed with using our findings 
to identify potential nodes for intervention and the preven-
tion of clinical disease.

Lifestyle I is a direct disease effect on neuropathology 
such that it is directly associated with more or less pathol-
ogy. Remarkably, studies failed to find that many of these 
factors related to clinical AD risk were also associated with 
measures of AD pathology. One factor, early life linguis-
tic ability, was associated with a measure of AD pathology, 
and two factors, harm avoidance and emotional neglect, 
were associated with cerebrovascular disease, albeit the 
effects were small suggesting other pathways. One study 
limited to clinic patients enrolled with dementia found an 
association of education with infarctions. A second study 
that created a composite of educational attainment, occu-
pational complexity, and social engagement also found an 
association with CVD that was limited to men. The lack 
of an association of many factors with measures of AD 
neuropathology does not imply that the pathology is not 
measured well. Studies have reported very robust associa-
tions with a range of genetic risk factors and measures of 
AD pathology, and some have found much greater power 
with AD pathology relative to clinical measures [8, 31, 
118]. It is more like that the other experiential factors do 
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not directly impact the accumulation of AD pathology but 
affect brain function via other mechanisms.

Lifestyle II represents a modulatory effect such that the 
experiential factor alters the relation of pathology to cogni-
tion, i.e., increases or decreases the probability of demen-
tia for any given level of neuropathology. Four factors that 
modify the relation of neuropathology to cognition have 
been identified including education, social networks, pur-
pose in life, and conscientiousness. One study of persons 
with very low levels of education found an effect modi-
fication of education on infarctions, and one other factor, 
conscientiousness, also modified the relation of infarctions 
on the odds of dementia. The effect modification provides 
evidence of person-specific differences in the response of 
the brain to injury due to AD and CVD. The neurobiologic 
basis of these plastic responses remains to be determined.

Lifestyle III represents a pathway linking lifestyle to 
dementia that is not directly related to classic neuropathol-
ogy and does not modify the relation of neuropathologic 
indices to cognition. Early and late cognitive activity and 
self-perceived social isolation or loneliness, were in this 
category. Further, in the study of neuronal density and cor-
tical thickness in matched pairs of high and low engage-
ment participants (based on the composite of educational 
attainment, occupational complexity, and social engage-
ment), the investigators reported the more engaged group 
had a higher neuronal density and greater cortical thick-
ness. To our knowledge, this is the only study to date to 
report an association between a cognitively and socially 
active lifestyle with a potential structural marker of brain 
plasticity.

Life experiences and animal models

Animal models are useful for investigating the neurobiol-
ogy of environmental manipulations at behavioral, neuro-
physiological, cellular and molecular levels under highly 
controlled conditions that are not feasible in humans. In 
rodents, various interventions such as environmentally 
enriched housing, isolated housing, and chronic variable 
physical and social stressors (e.g., social defeat paradigms) 
have been employed to represent, in part, the enhancement 
or deprivation of constructs related to the cognitive and 
social activities in humans. The results of these studies pro-
vide important clues to the neurobiological basis of these 
associations which can be used to build testable hypotheses 
in human clinical-pathologic studies [135]. It is important 
to note, however, that the housing conditions of experi-
mental animal models do not replicate the nature and com-
plexity of the wild in which these species evolved. Indeed, 
standard “control” laboratory housing conditions represent 
what would be severe sensory and social deprivation for 

humans, with enhanced environments only partly address-
ing this deprivation.

Environmental enrichment manipulations have included 
large cages with more animals, running wheels, ramps, 
various toys and materials for playing and novelties intro-
duced to stimulate exploration. Environmental enrichment 
has been shown to improve cognitive behavior in juvenile 
and adult mice, rats and other animals. This probably also 
holds true for age-related cognitive decline in old rodents, 
especially when the enrichment is initiated prior to mid-life 
[49, 122].

Enrichment paradigms have been reported to signifi-
cantly alter brain chemistry, structure and function. Early 
studies showed that enrichment improved brain cholinest-
erase activity [70] and increased cerebral cortex thickness, 
neuron and glial cell numbers [1, 34]. Subsequent studies 
have shown that enrichment increases synapses and den-
drite complexity [23, 52], neurophysiological synaptic 
plasticity, cortico-cortical interactions and various molecu-
lar mechanisms of synaptic neurotransmission [36, 40, 60, 
64, 90] increase neurogenesis and brain neurotrophic fac-
tors such as brain-derived neurotrophic factors [63, 104, 
137] and alter the brain’s transcriptome [97], proteome 
[83], and lipidome [106]. A major limitation in interpret-
ing the results of these studies is that it is difficult to dis-
tinguish the beneficial effects of physical exercise in an 
enriched environment from those due to the cognitive or 
social simulation. Interestingly, differences have been 
reported in behavioral and pathological effects of exercise 
when the exercise is voluntary as opposed to forced [158]. 
Another limitation is that these studies are not akin to ran-
domized trials as they offer the opportunity for animals to 
engage in these activities based on their own motivation. 
Despite the use of identical strains and handling there are 
inter-individual differences among animals in terms of how 
frequently they take advantage of the opportunities. In this 
sense, they are subject to many of the same limitations of 
the observational studies in humans described above.

There have also been investigations on how environ-
mental enrichments affect cognitive behaviors as well as 
the accumulation of amyloid-β and tau pathology in trans-
genic mouse models of AD. Enrichment improves them 
compared to routinely housed transgenic mice [2, 27, 28, 
136]. However, in contrast to clinical-pathological studies 
in humans which mostly have found no direct associations 
of education, personality factors, or cognitively stimulat-
ing activities on plaque or tangle pathology, most (though 
not all) of the published AD mouse model studies have 
reported more amyloid pathology with social isolation and 
less amyloid accumulation with environmental enrichment 
[2, 28, 37, 38]. The discrepancy is not necessarily surpris-
ing. For example, there is a long history of therapeutics 
clearing amyloid-β in transgenic mice that do not replicate 
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in humans. Thus, the model most likely has limitations that 
leads to lack of replication. Alternatively, it is also possi-
ble that the transgenic models captured the disease early in 
the biologic cascade relative to the human studies which 
often includes persons with moderate to severe dementia. 
In addition, there may be publication bias with those failing 
to find an association not inclined to publish a null effect. 
This, of course, is also an issue for the human studies. 
Several other cohort studies have pathology and autopsies 
and have not published on education, which is available in 
all studies, in addition, perhaps, to one or more additional 
related variables.

Summary and future directions

Over the past two decades, the addition of brain autopsy 
to prospective cohort studies has provided an opportunity 
to study the impact of a wide range of experiential and 
psychological factors on the development of clinically 
diagnosed dementia and to the common brain pathologies 
that cause dementia, including AD, CVD, and LBD. Some 
of these studies start with a population-based sampling 
scheme (e.g., MRC-CFAS), some are community-based 
cohorts of lay persons (e.g., Memory and Aging Project), 
and others are cohorts of special populations (e.g., religious 
orders study), each of which has its own set of strengths 
and limitations. Overall, the results of these studies sug-
gest that there is only a small direct relation between these 
experiential and lifestyle factors and the development of 
AD pathology despite strong associations with risk of 
AD dementia. While some direct associations have been 
reported for cerebrovascular disease, these too are modest 
in magnitude. Overall, the data suggest that other factors 
must account for the associations of cognitive and social 
experiential risk factors with dementia.

Preclinical studies suggest that a number of structural 
and molecular factors that subserve cognition are related to 
manipulation of the environment. These include structural 
changes such as neurogenesis and synaptic density along 
with functional changes in molecular signaling and neuro-
physiology. Clinical-pathologic studies of humans followed 
prospectively are also investigating the structural elements 
that subserve cognition, including neurons, synapses, den-
drites, and dendritic spines [3, 7, 55, 59, 61, 62, 65, 100, 
111, 151]. Only one study, using a composite measure 
of educational attainment, occupational complexity, and 
social engagement, found relation to neuronal density, a 
key structural element subserving cognitive processes. We 
suspect that many factors account for lack of association 
with these indices. Studying these issues in human popu-
lations is exceedingly complex due to the many uncon-
trolled variables related to the multi-dimensional lifestyle 

factors themselves, the noise in the cognitive measures, 
the presence of co-morbidities, and peri- and post-mortem 
factors that might influence the status and integrity of the 
molecular markers and brain tissue. A further complicat-
ing issue is controlling for atrophy when measuring density 
of structures that are hypothesized to be degenerating and 
thus “disappearing.” Measures of neuropathology accumu-
late while the tissue atrophies. This results in magnifying 
the density, but we can assume that it maintains rank order 
and that the value remains useful for analyses. By contrast, 
loss of structural elements, e.g., numbers of neurons, syn-
apses, dendrites, and dendritic spines, are decreasing while 
the tissue atrophies. The result is that the loss of these ele-
ments is obscured because the atrophy artificially leads to a 
higher density. A variety of approaches have been used to 
overcome this issue with some, such as three-dimensional 
unbiased counts, but these methods are highly labor inten-
sive and not yet amenable to the high throughput needed 
for the large numbers that are used in epidemiologic stud-
ies. Despite some inherent biases in commonly used high-
throughput approaches, a number of researchers have 
shown that cellular and subcellular structural indices are 
related to cognition. Further, as noted above, one study 
also found a relation between a composite lifestyle variable 
and neuronal density using a combination of large numbers 
and careful matching [134]. Although not the topic of this 
review, another study found a relation between dendrites 
and dendritic spines to a composite measure of depression 
and anxiety using a scales measure to account for atrophy 
[121]. Thus, we are optimistic that future efforts in this area 
will be met with some success. However, additional work 
will also need to examine other pathologic indices, includ-
ing those related to response to injury, such as oxidative 
stress, and inflammation, and blood brain barrier.

Other approaches that are likely to be fruitful in the 
near future will take advantage of the developments in 
high-throughput genomics and related molecular markers. 
A recent targeted proteomics study identified a number of 
factors related to resilience from AD pathology [3]. It will 
be interesting to see if the indices identified by this study 
might be related to cognitive and social experiential factors. 
Future work will likely employ systems biology to inter-
rogate genomic, epigenomics, and transcriptomic datasets 
under development, in addition to proteomics, to identify 
novel molecular signals that account for the association 
of experiential factors with cognitive decline [31]. Epige-
netic changes such as DNA methylation, histone marks 
(e.g., acetylation), and microRNA in particular are of great 
interest as evidence suggests that behavior can alter epig-
enomic marks and ultimately transcription. For example, 
preclinical studies first demonstrated that maternal behav-
ioral influences on her pups’ behavior were associated with 
reversible epigenetic programming changes in adulthood 



146	 Acta Neuropathol (2014) 127:137–150

1 3

[141, 142]. In the past several years, epigenetic changes 
have been reported in humans in relation to suicide, child-
hood abuse, and other early life trauma [71, 81, 82]. The 
relation of cognitive and social experiential factors on the 
epigenome is of great interest and the subject of ongoing 
studies.

Much work remains to be done to understand the neu-
robiologic and molecular pathways linking cognitive and 
social lifestyle factors to dementia. It is hoped that such an 
understanding will yield novel approaches to the mainte-
nance of cognition in old age. While the majority of pre-
ventive measures for common degenerative diseases that 
cause dementia focus on the prevention or removal of 
pathology, the body of work summarized here suggests 
that preventing dementia despite the accumulation of AD 
and other common pathologies is a viable and potentially 
powerful approach for the maintenance of cognitive health. 
The observational studies suggest a substantial fraction 
of clinically manifest dementia at given ages might be 
averted through healthier lifestyles, some of which could 
well be accounted for by compensation and reserve rather 
than avoidance of pathology. Although the results to date 
are likely an overestimate due to lack of independence, 
the evidence on terminal decline and reduction of demen-
tia prevalence at death in those with higher education sug-
gests the potential for compression of morbidity including 
shorter periods of cognitive impairment before death [9]. 
Recent data from some studies but not others suggest that 
the prevalence of dementia might be declining already, 
possibly as a result of secular trends, e.g., more education, 
lower rates of childhood infectious disease [56, 72–74, 80, 
96, 101, 116]. Such findings, if confirmed and if continued, 
are strong reminders that improving lifestyle may have a 
profound impact on the health and well being of our aging 
population.
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