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I ndicators of early-life cognitive enrichment (ELCE), such
as childhood socioeconomic status and school perfor-
mance, are associated with higher levels of late-life cogni-

tion and decreased risk of Alzheimer disease (AD)–related
dementia.1,2 However, few studies3-6 have examined the as-
sociation of ELCE with dementia-related pathological changes
as the outcome of interest.

Herein, we leverage data from a clinical-pathological study
to test the hypothesis that higher levels of ELCE are associated
with fewer AD pathological changes in the brain. We extended
previouswork7-10 in4importantways.First,wedevelopedacom-
posite measure from the 4 elements of ELCE7-10 and examined
the association of the composite measure with postmortem AD
pathology indices. Second, we included a far larger sample size,

increasing power to detect an association. Third, we examined
theassociationoftheELCEcompositemeasurewith8othercom-
mondementia-relatedpathologicalchanges.Fourth,weassessed
the association of the measure with cognitive decline over sev-
eral years before death. Then, we estimated how much of the as-
sociation between ELCE and cognitive decline was explained by
the pathological changes.

Methods
Participants
The Rush Memory and Aging Project is an ongoing community-
based cohort study of chronic conditions of aging whose

IMPORTANCE Indicators of early-life cognitive enrichment (ELCE) have been associated with
slower cognitive decline and decreased dementia in late life. However, the mechanisms
underlying this association have not been elucidated.

OBJECTIVE To examine the association of ELCE with late-life Alzheimer disease (AD) and other
common dementia-related pathological changes.

DESIGN, SETTING, AND PARTICIPANTS This clinical-pathological community-based cohort study, the
Rush Memory and Aging Project, followed up participants before death for a mean (SD) of 7.0 (3.8)
years with annual cognitive and clinical assessments. From January 1, 1997, through June 30, 2019,
2044 participants enrolled, of whom 1018 died. Postmortem data were leveraged from 813
participants. Data were analyzed from April 12, 2019, to February 20, 2020.

EXPOSURES Four indicators of ELCE (early-life socioeconomic status, availability of cognitive
resources at 12 years of age, frequency of participation in cognitively stimulating activities,
and early-life foreign language instruction) were obtained by self-report at the study baseline,
from which a composite measure of ELCE was derived.

MAIN OUTCOMES AND MEASURES A continuous global AD pathology score derived from
counts of diffuse plaques, neuritic plaques, and neurofibrillary tangles.

RESULTS The 813 participants included in the analysis had a mean (SD) age of 90.1 (6.3) years
at the time of death, and 562 (69%) were women. In a linear regression model controlled for
age at death, sex, and educational level, a higher level of ELCE was associated with a lower
global AD pathology score (estimate, −0.057; standard error, 0.022; P = .01). However, ELCE
was not associated with any other dementia-related pathological changes. In addition, a
higher level of ELCE was associated with less cognitive decline (mean [SD], −0.13 [0.19] units
per year; range, −1.74 to 0.85). An indirect effect through AD pathological changes
constituted 20% of the association between ELCE and the rate of late-life cognitive decline,
and 80% was a direct association.

CONCLUSIONS AND RELEVANCE These findings suggest that ELCE was associated with better
late-life cognitive health, in part through an association with fewer AD pathological changes.
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participants agree to annual clinical assessments and organ do-
nation at the time of death.11 The study was approved by the
institutional review board of Rush University Medical Center,
Chicago, Illinois, and participants provided written consent for
the study and consented for the Uniform Anatomical Gift Act
for organ donation.12 Participants were recruited from retire-
ment facilities, subsidized housing, and individual homes
across the Chicago metropolitan area. This study followed the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.

From January 1, 1997, to June 30, 2019, 1018 Rush Memory
and Aging Project participants had died, of whom 838 had un-
dergone a brain autopsy and neuropathological examination
(82% autopsy rate). At the time of these analyses, the neuro-
pathological examination had been completed in 824 dece-
dents, of whom 813 had complete ELCE data (eFigure in the
Supplement). Compared with participants without postmor-
tem pathological examination, participants included in the
present analyses were older at the time of death (mean [SD]
age, 90.1 [6.3] vs 88.0 [6.6] years) and had higher levels of ELCE
(mean [SD] score, 0.0 [0.7] vs −0.2 [0.8]) and educational at-
tainment (mean [SD], 14.6 [2.9] vs 13.8 [3.4] years) (eTable 1
in the Supplement).

Assessment of ELCE
At the baseline, participants were asked questions about 4
indicators of ELCE: early-life socioeconomic status, based on
maternal and paternal educational levels and number of
children in the family10; availability of cognitive resources at
12 years of age, based on features of the home environment
supporting cognitive activities, such as a newspaper sub-
scription, encyclopedia, globe, or atlas7; frequency of par-
ticipation in cognitively stimulating activities, with 3 activi-
ties at 6 years of age (eg, being read to) and 8 activities at 12
years of age (eg, reading books)9; and early-life foreign lan-
guage instruction, based on self-report of years of foreign
language instruction to 18 years of age.8 Because the 4 indi-
cators were correlated (eTable 2 in the Supplement), we con-
ducted principal component analysis. Using the Kaiser
criterion,13 only 1 principal component was retained that
explained 50% of the total variance of data. The 4 indicators
had factor loadings greater than 0.4 (eTable 3 in the Supple-
ment), indicating their association with the derived factor.
For parsimony, we created a composite measure of ELCE by
standardizing the indicators’ scores (mean [SD], 0 [1]). We
then calculated the mean of the 4 standardized scores to
measure ELCE. The measure had a mean (SD) of 0.0 (0.7)
and ranged from −2.0 to 1.7, with higher scores indicating
higher levels of ELCE.

Assessment of Postmortem Brain Pathological Changes
The mean (SD) postmortem interval was 9.1 (7.6) hours.
During a uniform structured procedure, brains were
removed, and 1 hemisphere was frozen and used to generate
a multilevel, multiregion omic atlas.14 The other hemi-
sphere was fixed and sectioned into 1-cm slabs, and tissue
blocks were prepared from predetermined regions for more
pathological evaluations.

Global AD Pathology Score
A modified Bielschowsky silver stain was used to visualize AD
pathological hallmarks (diffuse plaques, neuritic plaques, and
neurofibrillary tangles).14 Each of the 3 AD pathological hall-
marks was counted in each brain region, and a summary mea-
sure was calculated for each of the AD pathology hallmarks by
calculating the mean of its brain regions’ standard scores. Then,
we constructed a global measure, the global AD pathology
score, by calculating the mean of the 3 AD pathology hall-
marks’ summary measures, as described previously.15

β-Amyloid and Tau Assessment
Quantification of β-amyloid and tau levels was performed
through image analysis (β-amyloid) and stereology (tau) of im-
munohistochemically stained brain sections. Images were ob-
tained from β-amyloid–stained sections by a computer-
controlled motorized image-capturing system. Then,
algorithms were used for calculation of the percentage area oc-
cupied by β-amyloid immunoreactive pixels. The means of the
percentage areas were used for each brain region and across
the brain regions to yield an overall level of β-amyloid. Tau lev-
els were quantified using a microscope connected to a com-
puter. An operator delimited a region of interest at low power.
Then, software engaged by placing a grid over the region di-
rected the motorized stage on the microscope to stop at each
intersection point of the grid, where the operator counted the
tau-labeled objects on the video monitor. The means of the
counts were used for each brain region and across the brain
regions to yield an overall level of tau. Details of the proce-
dures are provided in the eMethods in the Supplement and
elsewhere.16

Other Common Dementia-Related Pathological Changes
We assessed and quantified 8 other common dementia-
related pathological changes. Details of the pathological as-
sessment are provided in the eMethods in the Supplement and
elsewhere.17

Cognition Assessment
At the baseline evaluation and annually thereafter, 19 neuro-
psychological tests were used to create a composite measure.
The included tests were Word List Memory recall and recog-
nition tasks, immediate and delayed recall of story A from the

Key Points
Question Is a higher level of early-life cognitive enrichment
associated with lower levels of late-life Alzheimer disease and
other common dementia-related pathological changes?

Findings In this cohort study of 813 patients with postmortem
data, a higher level of early-life cognitive enrichment was
associated with a decreased Alzheimer disease pathology score
but was not associated with any other dementia-related
pathological changes.

Meaning Early-life cognitive enrichment was associated with
late-life cognitive health in part through an association with fewer
Alzheimer disease-related pathological changes.
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Wechsler Logical Memory Scale, the Story Recall Test of the
East Boston Memory Test, Verbal Fluency Test, Boston Nam-
ing Test, National Adult Reading Test, Extended Range Vo-
cabulary Test, Digits Forward and Digits Backward of the
Memory for Digit Span Test, Digit Ordering Test, Alpha Span,
Symbol Digit Modalities Test, Number Comparison Test, Judge-
ment of Line Orientation Test, and Standard Progressive
Matrices. Test scores were standardized and means were cal-
culated to make a global cognition score, as previously
described.18 We have developed the composite global cogni-
tion score to reduce measurement errors in longitudinal analy-
ses, particularly floor and ceiling effects. In addition, making
the global cognition score was supported by factor analysis.19

Assessment of Other Variables
At the baseline evaluation, sex and race were assessed by self-
report because they are associated with late-life cognitive de-
cline and its underlying pathological changes.17,20 Chronic
health conditions included the sums of 3 self-reported vascu-
lar risk factors (hypertension, diabetes, and smoking) and 4 self-
reported vascular diseases (myocardial infarction, conges-
tive heart failure, stroke, and claudication). Self-report
questionnaires were used to assess socioeconomic status and
late-life cognitive activity level, as described previously21 and
in the eMethods in the Supplement. Assessment of the pres-
ence of the allele ε4 of the APOE gene included sequencing
rs429358 (codon 112) and rs7412 (codon 158) at exon 4 of the
APOE gene, as described previously.22

Statistical Analyses
Data were analyzed from April 12, 2019, to February 20, 2020.
Owing to normal distribution violation, we used square root
transformation of the AD pathological indices in the analy-
ses. We used Spearman correlation coefficients and unpaired

t tests for examining the association of ELCE with continuous
and binomial variables, respectively. Next, we used linear re-
gression models to examine the association of ELCE with the
AD pathology indices while controlling for demographics in-
cluding educational attainment and other covariates. Then, we
examined the association of ELCE with other common de-
mentia-related pathological changes through use of logistic
regressions controlled for age at death, sex, and educational
attainment.

We used linear mixed-effects models to estimate person-
specific cognitive change during follow-up that was used to test
the association of ELCE with the annual rate of cognitive de-
cline in a linear regression, controlled for age at death, sex, and
educational attainment. Then, we added the global AD pathol-
ogy score to the model and its interaction with ELCE. Finally,
we used path analysis, controlled for age at death, sex, and edu-
cational attainment, to assess the direct and indirect (through
the global AD pathology score) associations of ELCE with cog-
nitive decline. The following 2 paths were simultaneously ex-
amined in the path analysis: (1) age at death, sex, educational
attainment, ELCE, and global AD pathology score as the vari-
ables and cognitive decline rate as the outcome; and (2) age at
death, sex, educational attainment, and ELCE as the vari-
ables and the global AD pathology score as the outcome. The
statistical significance was determined at 2-sided P < .05, and
the analyses were done using SAS, version 9.4 (SAS Institute,
Inc).

Results
The participants’ demographic and clinical characteristics and
their association with the ELCE are shown in Table 1. Among
the 813 participants with postmortem data available for analy-

Table 1. Demographic and Clinical Characteristics of Participants

Variable Data (n = 813) Association with ELCEa P value
Age at death, mean (SD), y 90.1 (6.3) r = –0.02 .52

Women, No. (%) 562 (69) t684 = 0.45 .65

Educational level, mean (SD), y 14.6 (2.9) r = 0.45 <.001

White non-Hispanic, No. (%) 782 (96) t1003 = –5.41 <.001

APOE ε4, No. (%) 193 (24) t676 = –0.43 .67

Last visit

AD dementia, No. (%) 323 (40) t961 = 1.60 .11

MMSE score, mean (SD)b 20.9 (9.0) r = 0.12 <.001

Global cognitive function score, mean (SD)c –0.9 (1.1) r = 0.16 <.001

Vascular risk score, mean (SD)d 1.3 (0.8) r = –0.00 .99

Vascular diseases score, mean (SD)e 0.8 (0.9) r = –0.03 .37

Baseline cognitive activity level, mean (SD)f 3.2 (0.8) r = 0.32 <.001

Baseline self-perceived socioeconomic status, mean (SD)g 6.6 (1.3) r = 0.26 <.001

Abbreviations: AD, Alzheimer disease; ELCE, early-life cognitive enrichment;
MMSE, Mini-Mental State Examination.
a Estimates are either correlation coefficients (derived from Spearman

correlations) or the t values with df derived from independent t tests.
b Scores range from 0 to 30, with higher scores indicating better cognition.
c Calculated as the sum of 3 self-reported vascular risk factors. Scores range

from −4.0 to 1.3, with higher scores indicating better cognition.

d Calculated as the sum of 4 self-reported vascular diseases. Scores range from
0 to 3, with higher scores indicating higher burden of vascular risk factors.

e Based on self-reported cognitive activity. Scores range from 0 to 4, with higher
scores indicating higher burden of vascular diseases.

f Based on self-reported socioeconomic status. Scores range from 1 to 5, with
higher scores indicating higher levels of cognitive activity.

g Available for 353 participants.
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sis, 562 were women (69%) and 251 were men (31%); mean (SD)
age at death was 90.1 (6.3) years.

ELCE and AD Pathology Indices
In a series of linear regression models, a higher level of ELCE
was associated with lower global AD pathology score (esti-
mate, −0.057; standard error [SE], 0.022; P = .01) and lower
levels of tau (estimate, −0.188; SE, 0.076; P = .01) and β-amy-
loid (estimate, −0.136; SE, 0.066; P = .04) (Figure 1). Esti-
mates represent the difference in burden of AD pathology in-
dices with every additional 1-unit increase in the ELCE score.
To contextualize the effect size, we compared the estimate of
ELCE with the estimate of age at death (estimate, 0.007; SE,
0.002; P = .003) in their association with the global AD pa-
thology score. The effect size associated with a 1-unit in-
crease in the ELCE was equivalent to the effect size associ-
ated with being 8 years younger.

Next, we examined the association of ELCE with the AD
pathology indices in more detail. Addition of a term for pos-
session of an APOE ε4 allele did not affect results (eTable 4 in
the Supplement), indicating that the association of ELCE with
AD pathological changes was not confounded by APOE ε4 geno-
type. We also considered the possibility that age or sex might
modify the association, and there was no evidence that age at
death (eTable 5 in the Supplement) or sex (eTable 6 in the
Supplement) interacted with ELCE. However, our sample size
was limited in providing enough power for detection of the in-
teraction effects. Finally, we examined the association of ELCE
in the presence of terms for vascular risk factors and dis-
eases, and participants’ self-perceived socioeconomic status
and late-life cognitive activity level. The association of a higher
level of ELCE with a lower level of AD pathology score per-
sisted (estimate in the model including vascular risk factors,
−0.052 [SE, 0.022; P = .02]; estimate in the model including
vascular diseases, −0.052 [SE, 0.022; P = .02]; estimate in the
model including socioeconomic status, −0.089 [SE, 0.035;
P = .01]; estimate in the model including cognitive activity,
−0.060 [SE, 0.022; P = .007]) (eTable 7 in the Supplement).

ELCE and Non-AD Pathological Changes
We next examined the association of ELCE with non-AD brain
pathological changes (Table 2). Early-life cognitive enrich-
ment was not associated with any of the 8 other pathological
changes measured for this study. Power calculations showed
that the minimum required sample sizes ranged from 2600 to
163 000 to detect the observed odds ratios with 80% power
at α = .05.

ELCE, AD Pathology Score, and Cognitive Decline
Because ELCE has been associated with better cognitive func-
tioning in old age,21 we conducted additional analyses to test
whether AD pathology score contributed to the association be-
tween ELCE and cognitive decline. Before death, the partici-
pants were followed up annually for a mean (SD) of 7.0 (3.8)
years. We used linear mixed-effects models to estimate the per-
son-specific slopes of cognitive change. Participants’ cogni-
tion declined a mean (SD) of −0.13 (0.19) units per year, with a
range −1.74 to 0.85. Estimated cognitive change was zero or

greater in approximately 16% of participants, indicating that
some participants’ cognition did not decline during the study.
Next, we examined the association of ELCE and the slope of
cognitive decline (model 1 in Table 3). A 1-unit increase in ELCE
was associated with a 25% slower rate of cognitive decline.

Third, we reexamined the last model by addition of the
global AD pathology score to the variables to examine any
change in the association of ELCE with the cognitive decline.

Figure 1. Association of Early-Life Cognitive Enrichment (ELCE)
With Alzheimer Disease (AD) Pathology Indices
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Results (model 2 in Table 3) showed AD pathological change
to have a strong association with cognitive decline (estimate,
−0.135 [SE, 0.017]; P < .001). With the global AD pathology score
included in the model, the variance explained increased from
1% (model 1 in Table 3) to 9% (model 2 Table 3). The results
also showed that although AD pathological change attenu-

ated the association between ELCE with the cognitive de-
cline, the latter association persisted. This finding suggested
that part of the association between higher levels of ELCE and
slower cognitive decline was independent of AD pathological
change. In further analyses, we examined whether ELCE modi-
fied the association of the global AD pathology score with the

Table 2. Association of Non-AD Dementia-Associated Brain Pathological Changes With ELCE

Pathological change
No. (%) of participants
(n = 813)a

Association with ELCEb

Odds ratio (95% CI) P value
Cortical Lewy bodies 109 (13) 0.79 (0.57-1.09) .17

TDP-43 protein

1.11 (0.90-1.36) .35

Stage 0 359 (44)

Stage 1 156 (19)

Stage 2 145 (18)

Stage 3 124 (15)

Hippocampal sclerosis 85 (10) 1.17 (0.81-1.69) .40

Macroscopic infarcts 255 (31) 0.90 (0.70-1.16) .43

Cortical macroscopic infarcts 114 (14) 0.97 (0.70-1.33) .83

Subcortical macroscopic infarcts 230 (28) 0.87 (0.68-1.12) .29

Microinfarcts 205 (25) 0.96 (0.73-1.25) .75

Atherosclerosis

1.08 (0.88-1.33) .44

None 170 (21)

Mild 396 (49)

Moderate 194 (24)

Severe 52 (6)

Arteriolosclerosis

1.12 (0.92-1.37) .26

None 243 (30)

Mild 290 (36)

Moderate 218 (27)

Severe 60 (7)

Cerebral amyloid angiopathy

0.84 (0.68-1.02) .08

None 164 (20)

Mild 354 (44)

Moderate 184 (23)

Severe 107 (13)

Abbreviations: AD, Alzheimer
disease; ELCE, early-life cognitive
enrichment.
a Owing to missing data, numbers of

participants do not total 813.
b Derived from logistic regression

models controlled for age at death,
sex, and educational level. In these
analyses, ELCE was not associated
with any of the examined
pathological changes.

Table 3. Association of ELCE and the Slope of Cognitive Declinea

Variables

Model 1 Model 2 Model 3

Estimate (SE) P value Estimate (SE) P value Estimate (SE) P value
Adjusted R2 0.012 NA 0.088 NA 0.087 NA

Intercept –0.141 (0.008) <.001 –0.033 (0.016) .04 –0.032 (0.016) .049

Age at death –0.000 (0.001) .94 0.001 (0.001) .52 0.001 (0.001) .52

Women –0.027 (0.015) .07 –0.015 (0.015) .30 –0.015 (0.015) .32

Educational level –0.004 (0.003) .13 –0.005 (0.003) .08 –0.005 (0.003) .07

ELCE 0.035 (0.011) .001 0.028 (0.011) .007 0.017 (0.021) .44

Global AD score NA NA –0.135 (0.017) <.001 –0.136 (0.017) <.001

ELCE × global AD score interaction NA NA NA NA 0.015 (0.024) .53

Abbreviations: AD, Alzheimer disease; ELCE, early-life cognitive enrichment.
a Derived from linear regression models having slope of cognition change as the

outcome. Model 1 is the reference model adjusted only for demographics, and
the result shows that ELCE explained only 1% of the variance in the cognitive
decline rate. AD pathology explained an additional 8% of the variance (model
2). However, an interaction term between ELCE and the global AD pathology
score did not reach statistical significance (model 3), suggesting that ELCE did

not modify the association of AD pathology score with cognitive decline. In
addition, comparison of regression coefficients between model 1 and model 2
shows that the association of the ELCE is attenuated after AD pathology is
included in the model. This finding suggests that part of the association
between ELCE and cognitive decline rate might be explained by lower AD
pathology score, and the other part was independent of it.
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rate of cognitive decline by adding an interaction term be-
tween ELCE and the AD pathology score (model 3 in Table 3).
The interaction term was not significant.

Because ELCE was associated with the rate of cognitive de-
cline without and with the presence of the global AD pathol-
ogy score in the regression model, we conducted mediation
analysis to estimate direct and indirect associations of ELCE
with late-life cognitive decline. We used path analysis for this
purpose. Figure 2 shows the model with its standardized co-
efficients and their P values. Direct association of ELCE with
the rate of cognition decline constituted 80%, and the indi-
rect association through AD pathology score constituted 20%,
of the total association of higher levels of ELCE with slower
rate of late-life cognitive decline.

Discussion
In a community-based longitudinal clinical-pathological study,
we found that a higher level of ELCE was associated with lower
levels of AD pathology indices in late life. In addition, ELCE
was associated with slower late-life cognitive decline, with AD
pathological change accounting for approximately 20% of the
association. The results suggest that the ELCE was associated
with late-life cognitive health in part through an association
with less AD pathological change. Future studies are needed
to uncover molecular mechanisms underlying association of
ELCE with late-life cognitive decline.

Prior research has established that level of cognitive func-
tion in childhood,23 adolescence,24,25 and young adulthood26

is associated with late-life cognitive outcomes. Early-life cog-
nitive enrichment, which is hypothesized to support early-
life cognitive development,27 has been consistently associ-
ated with late-life level of cognitive function1,2,7-10,28,29; it has
been associated with late-life cognitive change in some
studies,9,30 consistent with the present results, but not in
others.8,31 Likewise, imaging studies have been inconsistent
in clarifying the association of ELCE with AD-related patho-
logical changes, with some studies reporting decreased β-amy-
loid levels with higher educational levels,32 whereas other stud-
ies did not find any association.6,33 Differences in the design
of the studies, in measurement tools for the assessment of ELCE
and cognitive function in late life, and in timing of late-life cog-
nitive assessment can explain the discrepancies. We are aware
of 1 previous study, the Nun Study,3,4 that found an associa-
tion of linguistic ability in young adulthood with postmor-
tem evidence of AD pathological change, but this study was
based on findings of 25 autopsies. The present findings build
on prior work in several ways. First, we focused on ELCE, which
is likely to be more modifiable than early-life cognitive func-
tion, which is 50% to 70% heritable.34 Second, we found that
ELCE was associated with AD pathological change but not with
other postmortem neurodegenerative or cerebrovascular mark-
ers. Third, we showed that the association of ELCE with late-
life cognitive function was partly owing to its association with
less AD pathological change.

Studies that evaluated the association of middle- or late-
life cognitive activities with cognitive decline and AD pathol-
ogy indices have reported less cognitive decline and AD de-
mentia in participants who had higher levels of cognitive
activities, but the association was unrelated to AD pathology
indices.9,28 One possible hypothesis for the discrepancy be-
tween early- vs late-life cognitive enrichment and activity in
their association with AD pathological change is the amount
of AD pathology indices already present in the brain. We hy-
pothesized that many individuals have high AD pathology in-
dices in brains in late life, and lifestyle factors, such as cogni-
tive activity, can have little if any effect on further accumulation
of AD pathological change. In contrast, very little if any AD
pathological change is present in brains during early life. There-
fore, early life shows better than late life any possible associa-
tion between lifestyle factors, such as cognitive enrichment ac-
tivities, and AD pathological change. Animal models showed
that environmental enrichment can downregulate glycogen
synthase kinase-3-beta, which is implicated in the formation
of neurofibrillary tangles, a hallmark of AD pathological
change.35 This hypothesis needs to be tested in future pro-
spective studies.

These findings suggest that cognitive health in old age
depends in part on cognitive development in early life. In
fact, our study extends the findings of the Nun Study to ear-
lier periods of life. In the Nun Study, a higher level of cogni-
tive ability at a mean age of 22 years was associated with
higher levels of cognition and less AD pathological change in
late life in a sample size of 25 decedents.3 Findings of our
study show that the association between early-life neurode-
velopment and late-life neurodegeneration starts from the
first decade of life in a sample size of 813 decedents. There-

Figure 2. Mediation Analysis of the Association Among Early-Life
Cognitive Enrichment (ELCE), Global Alzheimer Disease (AD) Pathology
Score, and the Cognition Decline Rate

Direct effect: 0.106 (0.039); P = .007

Indirect effect: 0.026 (0.012); P = .03

Global AD
pathology score

ELCE

Total effect: indirect (20%) plus direct (80%)
ELCE Cognition decline rate

Cognition decline rate

Sex Age at death Educational level

Early-life cognitive enrichment constitutes the causal variable; global AD
pathology score, the intervening variable; and rate of cognitive decline, the
outcome. The estimates are given as standardized coefficients (standard error),
with P values derived from a path analysis including age at death, sex, and
educational level as the covariates. The line’s thickness is proportional to the
relative effect sizes of the estimates, and dashed lines indicate insignificant
associations. The result shows that direct relation of ELCE with the rate of
cognition decline constituted 80% and the indirect relation through AD
pathology score constituted 20% of the total association of higher levels of
ELCE with slower rates of late-life cognitive decline.
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fore, our findings postulate possible brain susceptibility for
accumulation of AD pathological changes even during early
life. Indeed, the presence of abnormally phosphorylated tau
has been reported even in individuals younger than 10
years.36 It has been difficult to establish that cognitive train-
ing programs can enhance underlying cognitive abilities in
old persons.37 By contrast, cognitive growth is normative
in early life, and this growth is stimulated by formal
education38 and cognitively demanding experience.39 The
present results suggest that intervention programs, such as
Head Start,40 that target socially disadvantaged youths
might not only boost early-life school performance41 but also
enhance late-life cognitive resilience.

Strengths and Limitations
The large sample size enhanced statistical power in this study.
The long duration of follow-up made it possible to calculate a
reliable rate of cognitive decline. The follow-up and autopsy
rates were high, minimizing selection bias due to attrition.
However, the participants selected included more women and
white participants and those with high levels of education,

making the results not directly generalizable to the popula-
tion. Our childhood socioeconomic measure is unlikely to have
fully captured the variability in early life socioeconomic cir-
cumstances. Our sample was not rich in neurodegenerative de-
mentia–related pathological changes other than AD, and power
calculation showed that we might have had inadequate power
to detect possible association of ELCE with these pathologi-
cal changes. In addition, we did not have autopsy variables cor-
responding to magnetic resonance imaging–detected vascu-
lar pathological changes, such as white matter hyperintensities.
Therefore, lack of association between ELCE and pathologic
changes other than AD should be taken into account with cau-
tion. Finally, we captured ELCE data in a retrospective way,
bringing forward the possibility of recall bias.

Conclusions
The findings of this cohort study suggest that ELCE is associ-
ated with better late-life cognitive health. In part this associa-
tion is accounted for by fewer AD pathological changes.
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