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Abstract
Objective
To assess the contribution of education to cognitive reserve.

Methods
Analyses are based on older participants in a longitudinal clinical-pathologic cohort study who
had annual cognitive testing (n = 2,899) and subgroups that developed incident dementia (n =
696), died, and underwent a neuropathologic examination from which 10 neurodegenerative
and cerebrovascular markers were derived (n = 752), or both (n = 405). Cognitive test scores
were converted to a standard scale and averaged to yield composite measures of cognition.

Results
Participants had a mean of 16.3 years of education (SD = 3.7, range 0–30). In all participants,
education was associated with initial level of global cognition but not rate of cognitive change.
In those who developed dementia, rate of global cognitive decline accelerated a mean of 1.8
years before the diagnosis, but education was not related to the onset or rate of accelerated
decline. In the deceased, rate of global cognitive decline accelerated a mean of 3.4 years before
death, but higher educational attainment was related to earlier (not later) onset of accelerated
decline and unrelated to rate of acceleration. Higher education was associated with lower
likelihood of gross and microscopic cerebral infarcts but not with other neuropathologic
markers. Education was not related to global cognitive change not attributable to neuropath-
ologic burden and did not decrease the association of higher neuropathologic burden with more
rapid cognitive decline.

Conclusion
The results suggest that the contribution of education to cognitive reserve is limited to its
association with level of cognitive function before old age.
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Level of education is widely used as an indicator of cognitive
reserve. That higher level of education is associated with lower
risk of dementia1–5 supports this idea. However, prospective
studies suggest that this association is mostly attributable to the
association of education with level of cognitive function rather
than rate of cognitive change.6–10 High cognitive reserve is also
thought to alter the shape of cognitive trajectories by delaying
the onset of cognitive symptoms. Evidence that education
contributes to this aspect of reserve is mixed. Higher level of
education has been associatedwith delayed onset of accelerated
cognitive decline linked to incipient dementia, including anal-
yses of data from the Bronx Aging Study11 and the Religious
Orders Study/Memory and Aging Project (ROSMAP),12 and
impending death.13 However, other studies have not observed
these associations.14–17 Clinical-pathologic studies allow
a more direct assessment of the role of education in cognitive
reserve but results have been inconclusive. In prior analyses of
Religious Orders Study data, the negative association of Alz-
heimer disease (AD) pathology with level of cognition proxi-
mate to death was reduced at higher levels of education.18,19 In
another clinical-pathologic study, education was related to
dementia proximate to death but did not modify the relation of
postmortem neuropathologic markers to dementia.20 Thus, it
remains uncertain whether education moderates pathologic
influences on cognitive change.

The present analyses examine the role of education in cog-
nitive reserve. Participants are older persons from 2 longitu-
dinal clinical-pathologic cohort studies who had annual
clinical evaluations that included cognitive testing. Those who
died underwent a neuropathologic examination to quantify
multiple neurodegenerative and cerebrovascular pathologies.
In analyses, we test hypotheses based on the assumption that
education is an indicator of cognitive reserve. Specifically, we
test the hypotheses that higher education is associated with
more positive cognitive trajectories in general and with later
onset of accelerated cognitive decline associated with incident
dementia and impending death in particular; education is
unrelated to common neurodegenerative and cerebrovascular
conditions; education has an association with cognitive
change that is independent of neuropathologic burden; and
education reduces the association of higher neuropathologic
burden with more rapid cognitive decline.

Methods
Participants
Analyses are based on individuals who participated in 2 on-
going longitudinal clinical-pathologic cohort studies. The

Religious Orders Study, which began in 1994, comprises older
Catholic clergy members from across the United States.21,22

The Memory and Aging Project, which began in 1997,
comprises older lay persons from the Chicago metropolitan
region.23,24 Eligibility in both studies requires age of 50 years
or older at enrollment, absence of a prior dementia diagnosis,
and agreement to annual clinical evaluations and brain au-
topsy upon death.

These analyses are based on data collected from 1994 through
2018. Eligibility required the absence of dementia at baseline
and a valid cognitive score at baseline plus at least one follow-
up evaluation. Of the 2,899 individuals who met these criteria
(main group), 1,239 came from the Religious Orders Study
and 1,660 came from the Memory and Aging Project (table
1). They had a mean age of 77.8 years at baseline, a mean of
8.0 years of follow-up, and a mean of 16.3 years of education;
2,143 (73.9%) were women and 2,569 (88.6%) were white
and not Latino.

To allow for nonlinear change in cognitive function, most
analyses were confined to subsets of the 2,005 individuals in
the main group with a minimumof 4 years of annual follow-up
(81% of the 2,478 survivors who had reached the fifth eval-
uation date). One subgroup (incident dementia subgroup)
consisted of 696 individuals who developed incident de-
mentia (mean age at diagnosis = 87.5 [SD = 6.5], mean of 10.5
years of follow-up [SD = 4.8], with a mean of 7.8 years [SD =
5.2] before the diagnosis and 2.7 years [SD = 2.9] after the
diagnosis, mean education = 16.4 [SD = 3.7], 75.3% women,
90.2% white and not Latino).

There were 1,044 individuals who died with at least 4 years of
follow-up. A brain autopsy was done on 958 (92%); at the
time of these analyses, the neuropathologic examination had
been completed in 752 persons who made up the neuro-
pathologically examined subgroup. They had a mean age at
death of 90.2 (SD = 6.3), mean of 10.1 years of follow-up
(SD = 4.4), mean education of 16.5 (SD = 3.6); 67.8% were
women and 95.2% were white and not Latino. A final sub-
group (incident dementia neuropathologically examined
subgroup) consisted of 405 individuals with incident de-
mentia who died and underwent a neuropathologic exami-
nation (mean age at baseline = 80.5 [SD = 6.5], mean age at
diagnosis = 87.7 [SD = 6.4], mean age at death = 91.3 [SD =
5.8], mean of 10.8 years of follow-up [SD = 4.5] with a mean
of 7.2 years before the diagnosis and 3.7 years [SD = 3.0] after
diagnosis, mean education = 16.7 [SD = 3.6], 70.4% women,
95.1% white and not Latino).

Glossary
AD = Alzheimer disease; ADRDA = Alzheimer’s Disease and Related Disorders Association;CI = credible interval;NINCDS =
National Institute of Neurological and Communicative Disorders and Stroke; ROSMAP = Religious Orders Study/Memory
and Aging Project; TDP-43 = TAR DNA-binding protein 43.
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Standard protocol approvals, registrations,
and patient consents
Following a presentation, interested persons had a detailed
discussion with study personnel and signed informed consent
forms and an anatomical gift act. Both studies were approved
by the institutional review board of Rush University Medical
Center.

Clinical evaluation
Participants had annual clinical evaluations that included
a medical history, neurologic examination, and cognitive
testing. On the basis of this evaluation, an experienced clini-
cian, blinded to previously collected data, diagnosed dementia
using the criteria of the National Institute of Neurological and
Communicative Disorders and Stroke/Alzheimer’s Disease
and Related Disorders Association (NINCDS/ADRDA).25

These require a history of cognitive decline and impairment in
at least 2 cognitive domains. Further information on the
implementation of these criteria is published elsewhere.26

Assessment of cognitive function
A battery of cognitive tests was administered annually. One
testing aim was to support clinical classification of dementia and
mild cognitive impairment. As previously described,27–29 the
tests were used to determine impairment in different cognitive
domains in support of clinical classification of dementia. In ad-
dition, raw scores on 7 measures of episodic memory (imme-
diate and delayed recall of Logical Memory Story A and the East
Boston Story; Word List Memory, Recall, and Recognition), 3
measures of semantic memory (Boston Naming Test, Verbal
Fluency, Reading Test), 3 measures of working memory (Digit
Span Forward, Digit Span Backward, Digit Ordering), 2 meas-
ures of perceptual speed (Symbol Digit Modalities Test, Num-
ber Comparison), and 2 measures of visuospatial ability
(Standard Progressive Matrices, Judgment of Line Orientation)
were converted to z scores using the baseline mean and SD from
all participants in both parent studies. In analyses, we used
composite measures of global cognition (based on 17 tests),
episodic memory (7 tests), and perceptual speed (2 tests)
formed by averaging the z scores of component tests. Compo-
sites of individual tests can accommodate a wide range of

cognitive ability thereby minimizing floor and ceiling artifacts in
longitudinal analyses. Further information on the individual tests
and these composite measures is published elsewhere.27–29

Neuropathologic examination
The central aim of the neuropathologic examination was to
assess common conditions linked with cognitive impairment
and dementia in old age. Because regional measures of a given
pathologic condition are robustly intercorrelated in these
cohorts,30,31 we combined measures across brain regions to
minimize the number of pathologic markers in analyses while
maximizing their metric properties (by basing pathologic
scores on multiple tissue samples).

There was a standard protocol for brain removal and sectioning
and preservation of the tissue.32,33 The cerebral hemispheres
were cut coronally into 1-cm slabs that were examined for gross
infarcts. We used hematoxylin & eosin staining to identify
microinfarcts in 9 regions (6 cortical, 2 subcortical, 1 midbrain).
Cerebral β-amyloid angiopathy was assessed in 4 regions
(midfrontal cortex, inferior temporal cortex, calcarine cortex,
angular cortex) with β-amyloid deposition in meningeal and
parenchymal vessels in each region rated on a 5-point scale and
averaged to yield a summary score.34 Arteriosclerosis ratings
were based on visual inspection of the vessels of the circle of
Willis, and arteriolar sclerosis was rated on hematoxylin & eosin
sections of the basal ganglia.35 We assessed β-immunoreactive
plaques in 8 brain regions (dorsolateral prefrontal cortex, supe-
rior frontal cortex, inferior parietal cortex, inferior temporal
cortex, primary visual cortex, anterior cingulate cortex, entorhinal
cortex, CA1/subiculum) with a monoclonal antibody (1:50,
β-amyloid, clone 6F/3D; Dako, Carpinteria, CA). An antipaired
helical filaments-tau antibody clone AT8 (1:2000; Thermo
Scientific,Waltham,MA)was used to assess tau-immunoreactive
neurofibrillary tangles in the same 8 brain regions. Regional
scores were averaged to yield composite measures of β-amyloid
burden and tau-tangle density, as previously described.30 TAR
DNA-binding protein 43 (TDP-43) cytoplasmic inclusions were
identified using monoclonal antibodies to phosphorylated TDP-
43 (pS409/410; 1:10,000)36 in 6 brain regions (midfrontal
cortex, middle temporal cortex, entorhinal cortex, dentate gyrus,
CA1/subiculum, amygdala), with density of inclusions rated on
a 4-point scale.37,38 Hippocampal sclerosis was defined as severe
neuronal loss and gliosis in any hippocampal subfield or the
subiculum.39 We assessed 6 brain regions (midfrontal cortex,
superior or middle temporal cortex, inferior parietal cortex, an-
terior cingulate cortex, entorhinal cortex, substantia nigra) for
Lewy bodies using a monoclonal antibody to α-synuclein
(Zymed LB 509; 1:50).40 Hippocampal sclerosis and Lewy
bodies were treated as present or absent in analyses.

Statistical analysis
We used mixed-effects models to assess change in cognitive
function. This approach has 3 main strengths. First, in assessing
linear cognitive change, it separates initial level from rate of
change and includes random effects that allow the initial level to
be higher or lower and rate of change to be faster or slower.

Table 1 Characteristics of study participants

Characteristic
ROS
(n = 1,239)

MAP
(n = 1,660)

Total
(n = 2,899)

Age at baseline, y 75.3 (7.2) 79.6 (7.4) 77.8 (7.6)

Follow-up years 10.0 (6.4) 6.6 (4.2) 8.0 (5.5)

Education, y 18.4 (3.3) 14.8 (3.2) 16.3 (3.7)

Women, % 72.0 75.4 73.9

White not Latino, % 89.1 88.3 88.6

Abbreviations: MAP = Memory and Aging Project; ROS = Religious Orders
Study.
Data are presented as mean (SD) unless otherwise indicated.

Neurology.org/N Neurology | Volume 92, Number 10 | March 5, 2019 e1043

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Second, to accommodate nonlinear cognitive change, the model
let rate of cognitive decline accelerate at some point and included
random effects to allow for individual differences in the onset of
the change point and the rate of cognitive decline following it.
Third, by including random effects to capture individual differ-
ences in cognitive trajectory components (i.e., intercept, slope
[s], change point), the mixed-effects models help account for
within-person correlations.

In the main group, we assessed change in global cognition in
a mixed-effects model with time treated as years since baseline
and terms for education, age at baseline, and sex. We included
terms for age and sex in this and subsequent models because of
their associations with education and cognition. In the incident
dementia subgroup, we constructed a mixed-effects model with
time treated as years before (and after) diagnosis, allowing rate
of decline to accelerate at some variable point, and including
terms for education, age at diagnosis, and sex. We repeated
these 2 analyses, first treating education as a categorical rather
than continuous variable with a low education group contrasted
with medium and high education groups, and then substituting
specific cognitive outcomes for the global measure.

We conducted a series of analyses in the neuropathologically
examined subgroup. First, we constructed a mixed-effects
model with time treated as years before death, allowing rate of
global cognitive decline to accelerate at some variable point
before death, and including terms for education, age at death,
and sex. To assess the relation of education to pathology, we
separately regressed each neuropathologic marker on educa-
tion, age at death, and sex. To test whether education had an
association with cognitive change independent of neuropath-
ologic burden, we constructed mixed-effects change point
models (with time treated as years before death) that had terms
for a neuropathologic marker, education, age at death, and sex
(with separate analyses for each neuropathologic marker). To
test whether education modified the relation of neuropatho-
logic burden to global cognitive trajectories, we repeated each
model with a term added for the interaction of education with
the neuropathologic marker. To assess time metric effects, we
constructed 3 mixed-effects change point models in the in-
cident dementia neuropathologically examined subgroup with
time anchored at baseline, dementia diagnosis, or death.

Data availability
All data included in these analyses are available through the
Rush Alzheimer’s Disease Center Research Resource Sharing
Hub at radc.rush.edu. It includes descriptions of the studies
and key variables. After logging in, qualified users can request
deidentified data.

Results
Education and global cognitive function
Participants had completed a mean of 16.3 years of edu-
cation (SD = 3.7, skewness = −0.1, range 0–30). Higher
level of education was associated with younger age at

baseline (r = −0.17, p < 0.001). Women had less schooling
than men (mean of 16.0 vs 17.1, t1,170.4 = 6.1, p < 0.001).

At baseline, the composite measure of global cognition had
an approximately normal distribution with a mean of 0.096
(SD = 0.531, skewness = −0.5). Higher level of education
(r = 0.37, p < 0.001) and younger age at baseline (r = −0.35,
p < 0.001) were each associated with higher baseline level
of global cognition. Women had a higher baseline level
of cognition than men (mean of 0.113 vs 0.047, t2,897 = 3.0,
p = 0.003).

Figure 1 Relation of education to trajectories of global
cognitive change

Predicted paths of global cognitive change in typical participants with high
(75th percentile, 18 years, solid line) vs low (25th percentile, 14 years,
dashed line) levels of education: (A) from the main group using a mixed-
effects model adjusted for age at baseline and sex; (B) from the incident
dementia group using a mixed-effects change point model adjusted for
age at diagnosis and sex; (C) from the neuropathologically examined
group using a mixed-effects change point model adjusted for age at death
and sex.
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To assess the relation of education to late-life cognitive func-
tion, we constructed a mixed-effects model with terms for age
(at baseline), sex, and education. In this analysis, the composite
measure of global cognition declined a mean of 0.073 unit per
year (SE = 0.002, p < 0.001). Level of global cognition at
baseline was 0.052-unit higher for each additional year of ed-
ucational attainment (SE = 0.003, p < 0.001). However, edu-
cation was not related to linear rate of change in global
cognition (estimate = −0.0004, SE = 0.001, p = 0.438). The
model results are illustrated in figure 1A for typical participants
with high (75th percentile, 18 years, solid line) vs low (25th
percentile, 14 years, dashed line) levels of education.

To assess possible nonlinear education effects, we divided
participants into low (12 years or less; n = 546), medium
(13–16 years; n = 1,029), and high (17 years or more; n =
1,324) education groups. We then repeated the analysis
contrasting the low education group with each of the other 2
education groups. Both medium (estimate = 0.313, SE =
0.026, p < 0.001) and high (estimate = 0.502, SE = 0.025, p <
0.001) education were associated with higher baseline level of
global cognition than low education, but neither education
group was related to global cognitive change.

Although education was not related to linear cognitive change, it
has been reported to modify components of nonlinear cognitive
trajectories, such as the onset of accelerated decline associated
with incident dementia.11,12 Therefore, we constructed a mixed-
effects model for the 696 participants who had at least 4 years of
follow-up and developed incident dementia (24.0% of 2,899).
We treated time as years before and after the dementia diagnosis
(which was made at a mean age of 87.4, SD = 6.5) and allowed
rate of cognitive decline to accelerate at some variable point. In
this analysis (table 2), global cognition declined a mean of 0.059
unit annually until a mean of 1.8 years before dementia was
diagnosed after which the mean rate of decline accelerated to
a loss of 0.373 unit per year, a more than 6-fold increase. Al-
though the statistical change point (mean age = 85.6, SD = 6.3)
occurred slightly before the diagnosis of dementia, the correla-
tion between the statistical and diagnostic measures approached
unity (r = 0.98, p < 0.001). As illustrated in figure 1B, higher level
of education was associated with higher initial cognitive level
(intercept term in table 2) but was not related to the onset of

accelerated decline (change point term in table 2) or the rate at
which cognition declined before (first slope term in table 2) or
after (second slope term in table 2) the change point. When the
analysis was repeated treating education as a categorical rather
than continuous variable, results were comparable. Thus, both
the medium (n = 238; intercept estimate = 0.288, 95% credible
interval [CI] 0.143–0.427) and high (n = 323; intercept estimate
= 0.493, 95% CI 0.360–0.624) education groups had higher
initial levels of global cognition than the low education group
(n = 135), but education group was not related to the slope
terms or change point.

Of the 696 individuals with incident dementia, 584 were di-
agnosed with AD and no other conditions (NINCDS/
ADRDA probable AD), 44 had AD plus at least one other
cognition impairing condition (NINCDS/ADRDA possible
AD), and 68 had conditions other than AD. To determine
whether this clinical heterogeneity affected results, we con-
ducted a second analysis restricted to the 584 individuals with
probable AD. Results were essentially unchanged, with edu-
cation related to initial level of global cognition but not to
other cognitive trajectory components.

Because education has also been reported to modify the onset
of terminal cognitive decline,13 we analyzed global cognitive
change in deceased participants with at least 4 years of follow-
up (n = 752) with a mixed-effects model that allowed rate of
cognitive decline to accelerate at some variable point. In this
analysis (table 3), the global cognitive score declined a mean
of 0.038 unit per year until a mean of 3.4 years before death
when the mean rate of decline accelerated to 0.312 unit per
year, a more than 8-fold increase. As shown figure 1C, edu-
cation was only related to one trajectory component, the
change point, with the onset of terminal decline occurring
a mean of 0.201 year earlier for each additional year of edu-
cation (above the mean of the group), contrary to the cog-
nitive reserve hypothesis.

Education and cognitive domains
To determine whether the contribution of education to
cognitive reserve differed across cognitive domains, we re-
peated the 3 core models separately with composite measures
of episodic memory and perceptual speed as outcomes. These

Table 2 Relation of demographic variables to trajectories of change in global cognition in incident dementia (n = 696)a

Model term

Intercept First slope Change point Second slope

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI

Mean −0.324 −0.385 to −0.263 −0.059 −0.066 to −0.052 −1.792 −2.117 to −1.789 −0.373 −0.399 to −0.346

Education 0.186 0.138 to 0.236 0.005 −0.001 to 0.011 0.018 −0.212 to 0.239 −0.021 −0.043 to 0.001

Age at diagnosis 0.091 0.041 to 0.139 0.016 0.010 to 0.023 −0.290 −0.530 to −0.050 −0.029 −0.050 to −0.008

Sex −0.056 −0.165 to 0.050 0.006 −0.007 to 0.019 −0.188 −0.745 to 0.352 0.004 −0.052 to 0.055

Abbreviation: CI = credible interval.
a Estimated from a mixed-effects change point model.
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analyses provided little evidence that education enhances
reserve. In the full group (n = 2,899), the only change from
the analyses of global cognition was that higher education had
a marginal association with more rapid decline in perceptual
speed (estimate = −0.001, SE = 0.001, p = 0.028). In the
incident dementia group (n = 696), the only change from the
analysis of global cognition was that higher education was
associated with more rapid accelerated decline in episodic
memory (estimate = 0.174, 95% CI 0.113–0.237) and per-
ceptual speed (estimate = 0.210, 95% CI 0.136–0.283).

Education and neuropathologic burden
The cognitive reserve hypothesis assumes that education is not
related to the pathologic drivers of dementia. Uniform neuro-
pathologic examinations of study participants showed sub-
stantial evidence of neurodegenerative and cerebrovascular

conditions (table 4, value column). In separate regression
models adjusted for age at death and sex, higher education was
associated with lower likelihood of gross and microscopic ce-
rebral infarcts but not with other postmortemmarkers (table 4,
education column).

Education, neuropathologic burden, and
global cognition
Education could confer cognitive reserve in 2 ways: by an
association with cognitive trajectories that is independent of
neuropathologic burden (additive effect) or by reducing the
negative association of neuropathologic burden with cognitive
function (modifying effect). To address the possibility of an
additive effect, we constructed change point models adjusted
for age (at death), sex, and a given neuropathologic marker
(with separate models for each marker) to test whether ed-
ucation had an association with residual cognitive change not
related to neuropathologic burden. The only association of
education with these residual cognitive trajectories was with
the onset of terminal cognitive decline (regardless of the
neuropathologic marker included in the model). Contrary to
the cognitive reserve hypothesis, higher level of education was
associated with earlier onset of residual terminal cognitive
decline in all models.

The model results did show the expected negative associa-
tions of each neuropathologic marker except microscopic
infarcts with the cognitive trajectories. To test the hypothesis
that educationmodifies the relation of pathology to cognition,
we repeated each analysis with terms added to assess the
interaction of education with each postmortem neuropatho-
logic measure. The interaction terms provide no support for
education as a measure of cognitive reserve (table 5). The
association of 3 neurodegenerative markers (TDP-43 pa-
thology, hippocampal sclerosis, tau-tangle density) with the
onset of accelerated terminal cognitive decline was modified
by education but in the opposite direction predicted by the
cognitive reserve hypothesis. As shown in figure 2, the asso-
ciation of pathology with earlier onset of accelerated decline
was stronger at higher (solid lines) than lower (dashed lines)
levels of education. In addition, the only interaction involving
rate of terminal cognitive decline (stronger association of
cortical Lewy bodies with more rapid cognitive decline at

Table 3 Relation of demographic variables to trajectories of change in global cognition in decedents (n = 752)a

Model term

Intercept Preterminal decline Change point Terminal decline

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI

Mean −1.150 −1.257 to −1.042 −0.038 −0.044 to −0.032 −3.390 −3.616 to −3.178 −0.312 −0.343 to −0.283

Education 0.066 −0.027 to 0.160 0.002 −0.003 to 0.007 −0.210 −0.385 to −0.037 −0.004 −0.027 to 0.019

Age at death −0.227 −0.318 to −0.133 −0.002 −0.007 to 0.003 −0.437 −0.605 to 0.258 0.001 −0.021 to 0.024

Sex 0.145 −0.055 to 0.331 0.005 −0.005 to 0.016 0.360 0.005 to 0.721 0.018 −0.033 to 0.065

Abbreviation: CI = credible interval.
a Estimated from a mixed-effects change point model.

Table 4 Postmortem neuropathologic markers and their
associations with education

Neuropathologic
marker Valuea

Educationb

Estimate SE p Value

Cortical Lewy bodies,
%

11.3 0.035 0.033 0.290

TDP-43 pathology 31.3 0.006 0.020 0.776

Hippocampal
sclerosis, %

9.4 −0.011 0.037 0.770

β-Amyloid 1.49 (1.11) −0.015 0.012 0.218

Tau-tangle density 1.63 (1.17) 0.002 0.011 0.883

Cerebral amyloid
angiopathy

33.6 0.029 0.019 0.134

Gross infarcts, % 35.8 −0.049 0.023 0.031

Microinfarcts, % 29.8 −0.069 0.024 0.003

Atherosclerosis, % 30.5 −0.029 0.020 0.136

Arteriolar sclerosis, % 29.7 −0.016 0.019 0.419

Abbreviations: SE = standard error; TDP-43 = TAR DNA-binding protein 43.
a Value refers to mean (SD) or percentage with the condition.
b Estimated from 10 separate regression models adjusted for age at death
and sex.
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higher than lower levels of education) provides little support
for the cognitive reserve hypothesis.

Treatment of time
In analyses, we treated time as years after baseline, years
before and after diagnosis of dementia, and years before
death. To determine whether the different time metrics af-
fected results, we used all 3 metrics on the 405 individuals in
the incident dementia neuropathologically examined sub-
group. Higher education was not associated with a later
change point in any model but was associated with an earlier
change point when time was treated as years before death,
consistent with the same analysis in the larger neuro-
pathologically examined subgroup (table 2). Education was
not associated with rate of global cognitive decline before or
after the change point in any model, consistent with all
previous analyses.

Discussion
The current analyses are based on older persons who had
annual cognitive testing, died, and underwent a uniform
neuropathologic examination. Higher education was associ-
ated with higher level of cognition at study entry. However,
education was not associated with slower rate of linear cog-
nitive decline, later onset of accelerated cognitive decline
associated with incident dementia or impending death, or

residual cognitive change not attributable to neuropathologic
burden, and it did not lessen the deleterious association
of neurodegenerative and cerebrovascular conditions with
cognitive trajectories. The results suggest that the contribu-
tion of education to cognitive reserve is limited to its asso-
ciation with premorbid cognitive level and does not involve
an association with cognitive aging trajectories or modera-
tion of the relation of neuropathologic conditions to those
trajectories.

The lack of association of education with linear change in
cognitive function in these analyses is consistent with
prior longitudinal studies with 3 or more measurement
occasions.6–10 However, the relation of education to non-
linear cognitive trajectories has been difficult to establish. In
analyses based on 117 cases of incident dementia, higher
education was associated with later onset and faster rate of
accelerated cognitive decline,11 consistent with the cognitive
reserve hypothesis. Analyses based on 399 incident cases
from ROSMAP yielded similar results.12 By contrast, higher
education was associated with earlier onset of accelerated
decline in analyses of 442 incident cases,14 and in the present
analyses based on nearly 700 ROSMAP participants with
incident dementia, education was not associated with either
the onset or rate of accelerated cognitive decline. The dis-
crepancy between the present and previous12 ROSMAP
findings was unexpected. The present analyses are based on

Table 5 Interaction of education with neuropathologic markers on trajectories of change in global cognitiona

Interaction term

Intercept Preterminal decline Change point Terminal decline

Estimate 95% CI Estimate 95% CI Estimate 95% CI Estimate 95% CI

Lewy bodies × education −0.262 −0.056 to
0.027

0.002 −0.013 to
0.018

0.002 −0.505 to
0.492

−0.083 −0.155 to
−0.013

TDP-43 × education −0.083 −0.165 to
−0.001

0.004 −0.000 to
0.009

−0.194 −0.379 to
−0.027

−0.007 −0.028 to
0.015

Hippocampal sclerosis ×
education

−0.116 −0.397 to
0.188

0.023 0.005 to
0.041

−0.625 −1.293 to
−0.30

0.006 −0.064 to
0.085

β-Amyloid × education −0.080 −0.167 to
0.007

0.002 −0.003 to
0.007

−0.056 −0.230 to
0.129

−0.010 −0.035 to
0.015

Tau tangles × education −0.038 −0.118 to
0.041

0.004 −0.001 to
0.009

−0.250 −0.405 to
−0.091

0.016 −0.006 to
0.038

CAA × education −0.029 −0.123 to
0.065

0.002 −0.003 to
0.007

−0.119 −0.281 to
0.053

0.002 −0.021 to
0.026

Gross infarcts × education 0.112 −0.075 to
0.298

−0.000 −0.010 to
0.009

0.200 −0.150 to
0.551

0.005 −0.041 to
0.052

Microinfarcts × education 0.174 −0.020 to
0.372

0.002 −0.008 to
0.013

−0.090 −0.437 to
0.263

0.020 −0.029 to
0.069

Atherosclerosis × education −0.065 −0.170 to
0.038

−0.005 −0.011 to
0.001

0.084 −0.111 to
0.271

−0.020 −0.045 to
0.004

Arteriolar sclerosis ×
education

0.016 −0.086 to
0.124

−0.002 −0.007 to
0.004

0.014 −0.177 to
0.216

0.010 −0.016 to
0.035

Abbreviations: CAA = cerebral amyloid angiopathy; CI = credible interval; TDP-43 = TAR DNA-binding protein 43.
a Estimated from 10 separate mixed-effects change point models adjusted for age at death, sex, and education.
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more participants and a longer observation period than
previous analyses, thereby not only enhancing statistical
power but also perhaps capturing a higher proportion of
incident dementia cases with less rapid cognitive decline.

Higher educational attainment has also been associated with
later onset of terminal cognitive decline,13 consistent with the
cognitive reserve hypothesis. However, the long interval between
cognitive assessments may have limited the ability to estimate
terminal decline in this study, and higher education has been
unrelated to terminal cognitive decline in other studies15,16 or

related to earlier onset of terminal cognitive decline on some
measures17 as in the present study, inconsistent with the cog-
nitive reserve hypothesis.

A key component of the cognitive reserve hypothesis is that
individuals with higher reserve are able to tolerate a higher
neuropathologic burden than those with lower reserve. Ag-
ing research on this issue has primarily relied on cross-sectional
cognitive outcomes (i.e., level of cognitive function or de-
mentia diagnosis proximate to death). We found no evidence
that education modified the relation of neuropathologies to
level of cognition proximate to death (intercept column of
table 4). This is consistent with a large study (n = 872) of
education, neuropathology, and dementia,20 but it contradicts
previous analyses of Religious Orders Study data in which
the association of β-amyloid plaques with cognitive level
proximate to death was weaker in those with higher vs lower
education.18,19 In comparison to the previous Religious Orders
Study analyses, the present analyses are based on more than 5
times as many participants, a broader array of postmortem
neuropathologic markers, and a cognitive outcome with lon-
gitudinal as well as cross-sectional components, providing
a stronger platform for assessing the role of education in
cognitive reserve. Contrary to the cognitive reserve hypothesis,
there was no evidence that the association of pathology with
earlier onset of terminal cognitive decline was reduced in those
with more education. In fact, the opposite pattern was ob-
served for tau-tangle density, TDP-43 pathology, and hippo-
campal sclerosis. The only evidence that education modified
the rate of terminal cognitive decline was also inconsistent with
the cognitive reserve hypotheses: the association of cortical
Lewy bodies with more rapid terminal decline was stronger at
higher than lower levels of education. In addition, education
did not have an association with change in cognition that was
independent of neuropathologic burden.

That education apparently contributes little to cognitive reserve
is surprising given its association with cognitive growth41 and
changes in brain structure.42 However, formal education typi-
cally ends decades before old age begins whereas late-life level
of cognitive activity (roughly analogous to schooling) has been
associated with rate of cognitive change,43,44 as have other
aspects of experience in adulthood and old age such as social
activity,45 conscientiousness,46 cognitively demanding work,47

and purpose in life.48 This implies that influences on cognitive
reserve vary over time, with recent experiences more influential
than remote experiences such as schooling.

The concept of cognitive reserve was introduced to account
for nonpathologic influences on cognition, but we found
a direct association of higher education with lower likelihood
of gross and microscopic cerebral infarcts. These associations
were not particularly strong, which may explain why they have
not been identified in some previous clinical-pathologic re-
search.20 However, there have been previous reports linking
higher level of education with lower risk of stroke,49,50 con-
sistent with the present findings. That education is associated

Figure 2 Relation of education and neurodegeneration to
trajectories of global cognitive change

Predicted paths of global cognitive change in typical participants who died
with high (75th percentile, 18 years, solid lines) vs low (25th percentile,
14 years, dashed lines) levels of education and high (black color) vs low
(green color) postmortem levels of TDP-43 pathology (A), hippocampal
sclerosis (B), and tau tangles (C), from mixed-effects change point models
adjusted for age at death and sex. path = pathology; TDP-43 = TAR DNA-
binding protein 43.
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with cerebral infarction further complicates its use as a mea-
sure of cognitive reserve.

Limitations and strengths of this study should be noted. An
important limitation is that participants were selected and so
the generalizability of the findings is uncertain. A related
issue is the relatively high education level in the cohort, with
a mean of 16.3 years and few participants with little or no
schooling. Although education showed the expected asso-
ciation with level of cognitive function in this cohort, it is
possible that the other reserve effects attributable to edu-
cation are primarily driven by variation at the lower end of
the spectrum of educational attainment. Further cognitive-
pathologic research in less educated groups is needed. In
addition, these analyses do not rule out the possibility that
the contribution of education to cognitive reserve depends
on experiential or biologic factors. The availability of psy-
chometrically sound composite cognitive outcomes, a mean
of 8.0 annual assessments per individual, plus information on
dementia onset and time of death allowed us to apply mixed-
effects change point models to capture nonlinear trajectories
of change in cognitive function. The availability of a broad
spectrum of postmortem neurodegenerative and cerebro-
vascular markers allowed us to test whether education was
directly related to specific neuropathologic processes or
modified the relation of these neuropathologic processes to
cognitive outcomes.
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