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Life-span cognitive activity, neuropathologic

burden, and cognitive aging

ABSTRACT

Objective: To test the hypothesis that cognitive activity across the life span is related to late-life
cognitive decline not linked to common neuropathologic disorders.

Methods: On enrollment, older participants in a longitudinal clinical-pathologic cohort study rated
late-life (i.e., current) and early-life participation in cognitively stimulating activities. After a mean
of 5.8 years of annual cognitive function testing, 294 individuals had died and undergone neuro-
pathologic examination. Chronic gross infarcts, chronic microscopic infarcts, and neocortical
Lewy bodies were identified, and measures of g-amyloid burden and tau-positive tangle density
in multiple brain regions were derived.

Results: In a mixed-effects model adjusted for age at death, sex, education, gross and microscopic
infarction, neocortical Lewy bodies, amyloid burden, and tangle density, more frequent late-life cognitive
activity (estimate = 0.028, standard error [SE] = 0.008, p < 0.001) and early-life cognitive activity
(estimate = 0.034, SE = 0.013, p = 0.008) were each associated with slower cognitive decline. The 2
measures together accounted for 14% of the residual variability in cognitive decline not related to
neuropathologic burden. The early-life-activity association was attributable to cognitive activity in child-
hood (estimate = 0.027, SE = 0.012, p = 0.026) and middle age (estimate = 0.029, SE = 0.013,p =
0.025) but not young adulthood (estimate = —0.020, SE = 0.014, p = 0.163).

Conclusions: More frequent cognitive activity across the life span has an association with slower
late-life cognitive decline that is independent of common neuropathologic conditions, consistent
with the cognitive reserve hypothesis. Neurology® 2013;81:314-321

GLOSSARY

MCI = mild cognitive impairment; SE = standard error.

Participation in cognitively stimulating activities has been associated with reduced late-life cog-
nitive decline in most'~ although not all® studies, but the mechanisms underlying the associ-
ation are not well understood. One idea is that cognitive activity somehow helps delay the
cognitive consequences of neuropathologic lesions (cognitive reserve hypothesis’™), possibly
because of activity-dependent changes in key cognitive systems in the brain.'®'" Alternatively,
cognitive inactivity may be a consequence of neuropathologic lesions rather than a risk factor
(reverse causality hypothesis'*'?). Establishing the direction of the association between change
in cognitive activity and cognitive function over time could differentiate the hypotheses, but this
has been difficult to do in observational studies.">*'* Determining whether the association
between cognitive activity and cognitive decline is attributable to (reverse causality hypothesis)
or independent of (cognitive reserve hypothesis) neuropathologic conditions could also differ-
entiate the hypotheses, but little relevant data have been published.’

We used data from participants in the Rush Memory and Aging Project to test the hypothesis
that cognitive activity has an association with cognitive decline that is independent of common
neuropathologic conditions. Participants (n = 294) rated early- and late-life participation in
cognitive activities, completed annual cognitive testing (mean = 5.8 years), died, and under-
went a uniform neuropathologic examination from which measures of 5 common lesions were
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derived. We previously found no association
between cognitive activity and neuropathologic
markers.” In this study, we tested whether cog-
nitive activity in late life or at earlier points in
the life span can account for variability in cog-
nitive decline not linked to neuropathologic
markers.

METHODS Participants. All participants were from the
Rush Memory and Aging Project. Eligibility required that partic-
ipants be older than 55 years and agree to annual clinical evalua-
tions (begun in 1997) and brain autopsy at death.'* Persons from
the Chicago area were recruited from retirement communities,
churches, social service agencies, and subsidized housing facilities.

As of October 2012, 568 of 1,651 participants had died, 456
(80.3%) had undergone a brain autopsy, and the neuropathologic
examination had been completed on the first consecutive 427 in-
dividuals. We excluded 27 persons who had dementia at baseline,
83 with missing cognitive activity data (added to the study in
2001), and 18 who died before the first follow-up evaluation.
Longitudinal cognitive function data were available on 294 of
the remaining 299 persons (98.3%), and analyses are based on
this group. They had a mean age at death of 89.3 years (SD =
5.9), a mean of 14.4 years of education (SD = 2.7), 199 (67.7%)
were women, and 109 (37.1%) had mild cognitive impairment
(MCI) at baseline. During a mean of 5.8 years (SD = 2.7) of
annual follow-up, participants completed 1,695 of a possible
1,725 cognitive assessments (98.4%).

Standard protocol approvals, registrations, and patient
consents. After a presentation, interested individuals had further
discussions with staff who obtained written informed consent.
The project was approved by the institutional review board of

Rush University Medical Center.

Assessment of cognitive activity. At baseline, individuals com-
pleted a 37-item cognitive activity questionnaire.>'>""” Frequency
of participation was rated from 1 (once a year or less) to 5 (every day
or about every day). The activities, which included reading books,
visiting a library, and writing letters, involved seeking or processing
information, had few barriers to participation, and were relatively
common. There were 7 late-life (i.e., at baseline) activities and 30
early-life activities including 11 about childhood (age 6-12 years),
10 about young adulthood (age 18 years), and 9 about middle age
(age 40 years). Item scores were averaged to yield separate early- and
late-life activity measures. In secondary analyses, the carly-life mea-
sure was divided into childhood, young-adulthood, and middle-age

subscores.!”

Assessment of cognitive function. Nineteen cognitive perfor-
mance tests were administered annually. There were 7 measures
of episodic memory, 3 measures of semantic memory, 3 measures
of working memory, 4 measures of perceptual speed, and 2 meas-
ures of visuospatial ability. Composites of multiple tests were used
to reduce measurement error. A measure of global cognition
based on all 19 tests and measures of episodic memory (7 tests),
semantic memory (3 tests), working memory (3 tests), perceptual
speed (4 tests), and visuospatial ability (2 tests) were created by
converting raw scores to z scores, using the baseline mean and
SD, and averaging the z scores. Further information on the indi-

vidual tests and composite measures is published elsewhere.'>'®

Clinical evaluation. The annual evaluations also included a med-
ical history, neurologic examination, and clinical classification.'* The

diagnosis of dementia required a history of cognitive decline and

impairment in at least 2 cognitive domains, and MCI required
impairment in one or more cognitive domains in the absence of

dementia.>!*

Neuropathologic examination. Individuals died a median of 7.7
months after the last clinical evaluation (interquartile range = 7.4)
and the brain was removed a median of 6.2 hours after death
(interquartile range = 3.6). Examiners blinded to all clinical data
followed a standard protocol for tissue preservation, tissue section-
ing, and quantification of pathologic findings."®'” The cerebral
hemispheres were coronally cut into 1-cm slabs, the cerebellar hemi-
spheres were sagittally cut into 1-cm slabs, and the brainstem was
removed at the level of the mamillary bodies and bisected at the mid
pons level.

Slabs were visually inspected for gross infarcts. Slabs from one
cerebral hemisphere and one cerebellar hemisphere and all slabs with
suspected infarcts were fixed for at least 3 days in 4% paraformalde-
hyde. Suspected infarcts were processed for histologic confirmation™!
and the age (acute, subacute, chronic) was noted. One hemisphere was
examined for microinfarcts in 6 cortical regions, 2 subcortical regions,
and the midbrain using 6-um paraffin-embedded sections stained
with hematoxylin & eosin. Chronic microinfarcts included cavitated
lesions with few macrophages and fibrillary gliosis or incomplete
infarcts.”’ Gross infarcts and microinfarcts were each treated as
present or absent in analyses.

We quantified the percent area occupied by B-amyloid—
immunoreactive plaques and the density of tau-immunoreactive
tangles in 8 brain regions: anterior cingulate cortex, dorsal lateral
prefrontal cortex, superior frontal cortex, inferior temporal cortex,
hippocampus (CA1/subculum), entorhinal cortex, angular/supra-
marginal gyrus, and primary visual cortex. In the cortical regions,
tissue blocks from adjacent slabs were embedded in paraffin and
cut into 20-pwm sections. In the hippocampus, 0.5-cm blocks
were dissected from consecutive 1-cm slabs, embedded in paraf-
fin, and cut into 20-pm sections.

The B-amyloid burden was assessed using an N-terminus—
directed monoclonal antibody (1:1,000, 10D5; Elan Pharma-
ceuticals, Dublin, Ireland) and diaminobenzidine as the reporter,
with 2.5% nickel sulfate to enhance immunoreaction product
contrast, and a computer-assisted sampling procedure. The per-
cent area occupied by B-amyloid—immunoreactive pixels in each
region was calculated and the regional values were averaged to
yield a composite measure of B-amyloid burden.??

The density of tau-immunoreactive tangles was quantified
with an antipaired helical filaments-tau antibody clone AT8
(1:2000; ThermoScientific, Rockford, IL) and computer-assisted
sampling. Tangle density/mm? in each region was standardized
and the mean of the standard scores was used as a composite
measure of tangle density.”

Six regions (substantia nigra, anterior cingulate cortex, ento-
rhinal cortex, midfrontal cortex, superior or middle temporal cor-
tex, inferior parietal cortex) were assessed for Lewy bodies using a
monoclonal phosphorylated antibody to a-synuclein (1:20,000;
Wako Chemical USA Inc., Richmond, VA) with alkaline phos-
phatase as the chromogen.'® Lewy bodies were treated as present

or absent in analyses.

Statistical analysis. We used mixed-effects models to character-
ize trajectories of cognitive function over time and to estimate the
association of covariates with both level of cognitive function
proximate to death and rate of cognitive change. Each model
included a term for time from death (in years), which indicates
the mean annual change in the cognitive outcome measure; 8 co-
variates (3 demographic, 5 pathologic) to assess the relation of
each covariate to cognitive level proximate to death; and the inter-

action of each covariate with time, which indicates the relation of
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the covariate to annual rate of change in cognitive function. We
then added terms for different activity measures and their interac-
tions with time. The cognitive activity X time interactions test
whether activity is related to residual variation in cognitive decline
after adjustment for pathology and demographics. In separate
analyses, we tested for interactions between activity and each
pathologic measure and between MCI and activity. The primary
outcome was a composite measure of global cognition. The core

model was repeated with measures of specific cognitive functions.

RESULTS At baseline, ratings of late-life (mean =
3.18, SD = 0.83, skewness = —0.57) and early-life
(mean = 3.11, SD = 0.59, skewness = —0.28)
participation in cognitively stimulating activities
had approximately normal distributions. Older age
at baseline was associated with less frequent late-life
activity (r = —0.19, » = 0.001) but was unrelated
to early-life activity (» = 0.01, p = 0.863). Neither
age at death nor sex was related to either activity
measure. Higher education was associated with
more frequent late-life (» = 0.23, p < 0.001) and
early-life (» = 0.40, p < 0.001) activity. Early- and
late-life activity were moderately correlated (» =
0.36, p < 0.001).

Baseline scores on the composite measure of
global cognitive function ranged from —1.36 to 1.00
(mean = —0.06, SD = 0.50, skewness = —0.31),
with higher values indicating better performance. Dur-
ing follow-up, 102 individuals developed dementia (60
with MCI at baseline) and 51 developed MCI, indi-
cating that substantial cognitive decline occurred. On
neuropathologic examination, the measures of amyloid
burden (mean = 4.89, SD = 5.05, skewness = 0.99)
and tangle density (mean = 5.59, SD = 6.12, skew-
ness = 2.26) were positively skewed, 33.7% had one

or more chronic gross cerebral infarcts, 23.8% had one
or more chronic microscopic cerebral infracts, and
10.2% had neocortical Lewy bodies.

We constructed a series of mixed-effects models to
assess change in cognitive function. Each model
included terms to account for the association of age
at death, sex, education, gross and microscopic infarc-
tion, neocortical Lewy bodies, amyloid burden, and
tangle density with rate of cognitive decline. These
demographic and neuropathologic measures accounted
for 33% of the variability in rates of cognitive decline.
We then added terms for cognitive activity to test for
its hypothesized association with cognitive decline. In
the initial analysis (table 1, model A), higher frequency
of late-life cognitive activity was associated with higher
level of cognitive function, as shown by the term for
late-life activity, and slower rate of cognitive decline, as
shown by the interaction term. In this analysis, activity
accounted for 10% of the residual variance (7% of total
variance) in rate of cognitive decline not associated
with neuropathologic burden. Figure 1A shows that
compared to those with average late-life activity
(50th percentile, blue line), decline increased by
48.4% in those with infrequent activity level (10th
percentile, red line) and was reduced by 32.3% in
those with frequent late-life activity (90th percentile,
green line).

Results were similar for the early-life cognitive activ-
ity measure (table 1, model B), with activity account-
ing for 9% of residual variability (6% of total variance)
in cognitive decline not related to neuropathologic
burden. Thus, as shown in figure 1B, compared with
those with average early-life cognitive activity (50th
percentile, blue line), cognition declined 41.5% faster

[ Table 1 Relation of cognitive activity to global cognitive decline after adjustment for neuropathologic burden?® ]
Model A Model B Model C Model D
Model term Estimate SE P Estimate SE P Estimate SE P Estimate SE p

Time (from death)

Late-life activity

Time X late-life activity
Early-life activity

Time X early-life activity
Middle-age activity

Time X middle-age activity

Young-adulthood activity

-0.051 0.012 <0.001 -0.053 0.012 <0.001
0.294 0.056 <0.001
0.036 0.008 <0.001

0.289 0.087 0.001

0.047 0.012 <0.001

Time X young-adulthood activity

Childhood activity

Time X childhood activity

Abbreviation: SE = standard error.
2From separate mixed-effects models that controlled for age at death, sex, education, and postmortem measures of amyloid burden, tangle density, gross
and microscopic cerebral infarction, and neocortical Lewy bodies.
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—-0.056 0.012 <0.001 -0.061 0.013 <0.001

0.258 0.059 <0.001 0.261 0.059 <0.001

0.028 0.008 <0.001 0.027 0.008 0.001

0.169 0.089 0.058

0.034 0.013 0.008
0.061 0.091 0.505
0.029 0.013 0.025
-0.068 0.102 0.506
-0.020 0.014 0.163
0.163 0.086 0.058
0.027 0.012 0.026



[ Figure 1

Relation of early- and late-life cognitive activity to cognitive decline ]

A. Early life
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Predicted paths of change in global cognition during the last 6 years of life for persons with
high (green line, 90th percentile), middle (blue line, 50th percentile), and low (red line, 10th
percentile) cognitive activity in early life (A) and late life (B), adjusted for age at death, sex,
education, plaques, tangles, infarction, and Lewy bodies.

in those with infrequent activity (10th percentile, red
line) and 31.9% slower in those with frequent activity
(90th percentile, green line). When early- and late-life
activity were modeled together (table 1, model C), late-
life cognitive activity was related to level of cognitive
function but early-life cognitive activity was not. How-
ever, both activity measures were related to change in
cognition, accounting for 14% of residual variability in
cognitive decline (10% of total variance).

The early-life cognitive activity measure included
questions about childhood (i.e., ages 6 and 12;
mean = 2.97, SD = 0.73, skewness = —0.32),
young adulthood (i.e., age 18; mean = 3.00,
SD = 0.70, skewness = —0.37), and middle age (i.c.,
age 40; mean = 3.33, SD = 0.65, skewness = —0.33).
These subscales had similar levels of internal consistency
(Cronbach coefficient a 0.77 for childhood, 0.76 for
young adulthood, and 0.70 for middle age) and were
moderately intercorrelated (range of correlations: 0.28—
0.69). To determine whether cognitive activity at these
points was differentially related to cognitive decline, we
repeated the previous analysis with activity measures
from each period in place of the early-life activity mea-
sure (table 1, model D). As shown in figure 2, more
frequent cognitive activity in childhood (A), middle

age (C), and old age (D) was related to slower cognitive
decline in each, with no effect for activity during young
adulthood (B), possibly because it was strongly correlated
with activity levels in childhood (» = 0.69, p < 0.001)
and middle age (» = 0.60, p < 0.001).

To determine whether cognitive activity modified
the association of pathology with level of cognition
proximate to death or rate of cognitive decline, we
repeated the initial analysis (model A in table 1) with
terms to test for interactions between late-life activity
and each pathologic measure. There were no interac-
tions. In a similar repetition of model B, there was no
evidence of an interaction between early-life activity
and the pathologic measures.

The cognitive activity questionnaire was com-
pleted at the baseline evaluation when 109 partici-
pants had MCI. Therefore, we repeated model C
with terms for baseline MCI and its interaction with
time, and both late-life (estimate = 0.026, SE =
0.008, p = 0.002) and early-life (estimate = 0.034,
SE = 0.013, p = 0.007) activity continued to be
associated with cognitive decline. In a subsequent
analysis, there was no evidence that MCI modified
the association of either late-life (estimate = —0.007,
SE = 0.017, p = 0.672) or early-life (estimate =
0.015, SE = 0.024, p = 0.527) activity with cogni-
tive decline.

To determine whether cognitive activity was
related to residual decline in some cognitive domains
but not others, we repeated the core analysis (model
C in table 1) using measures of specific cognitive
functions instead of the measure of global cognition.
In these analyses (table 2), late-life activity was related
to change in all domains except perceptual speed,
whereas early-life activity was only related to change
in working memory.

DISCUSSION Older persons in a longitudinal clini-
cal-pathologic study rated current and past frequency
of participation in cognitively stimulating activities
and then underwent annual cognitive function test-
ing. During a mean of 5.8 years of follow-up, nearly
300 individuals died and underwent neuropathologic
examination. After adjustment for plaques, tangles,
infarcts, and Lewy bodies, higher levels of cognitive
activity in childhood, middle age, and old age were
associated with slower rate of cognitive decline,
together accounting for nearly 15% of variability in
cognitive decline not attributable to neuropathologic
burden.

The finding that more frequent cognitive activity
predicts reduced cognitive decline is consistent with
most prior research.'” These results add to knowl-
edge by showing that cognitive activity was related to
residual decline in cognitive function after adjustment
for the association of neuropathologic burden with
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[ Figure 2 Relation of life-span cognitive activity to cognitive decline
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Predicted paths of change in global cognition during the last 6 years of life for persons with high (green line, 90th percentile),
middle (blue line, 50th percentile), and low (red line, 10th percentile) cognitive activity in childhood (A), young adulthood (B),
middle age (C), and old age (D), adjusted for age at death, sex, education, plagues, tangles, infarction, and Lewy bodies.

cognitive decline. The fact that cognitive activity has
an association with cognitive decline that is indepen-
dent of neuropathologic burden shows that more fre-
quent cognitive activity can counterbalance the
cognitive loss associated with neuropathologic condi-
tions. This finding supports the cognitive reserve
hypothesis and suggests that the association of cogni-
tive activity with loss of cognition is not the result of
reverse causality.

Retrospective ratings of cognitive activity in child-
hood and middle age were also related to late-life cog-
nitive change, particularly working memory, even
after accounting for late-life cognitive activity and
neuropathologic burden. This suggests that cognitive
experiences across the life span may influence cogni-
tive reserve in old age.'"* We are aware of previous
studies linking cognitive activity** and occupational
complexity®>?¢ during middle age to late-life cogni-
tive change but not studies linking childhood cogni-
tive activity to late-life cognitive change.

Neuroimaging research suggests that cognitive
activity can lead to changes in brain structure and func-
tion that might enhance cognitive reserve. Thus, occu-
pations (e.g., professional musician,” London taxi
driver’®) and leisure activides (e.g., playing Baduk®)
that challenge particular cognitive functions are associ-
ated with differences in the gray and white matter of

Neurology 81 July 23,2013

brain regions that support the cognitive functions.
Importantly, longitudinal studies have documented
regional increases in gray matter volume and white
matter microstructural integrity over temporal intervals
ranging from a few hours™ to several years'" in persons
engaged in diverse cognitive activities, including study-
ing for a test of medical knowledge,'® apprenticing as a

11

London taxi driver,"" reading mirrored words,”" deci-

phering Morse code, learning novel color names,*
and performing cognitive exercises.*>

The neurobiological bases of these structural MRI
changes are uncertain, but an array of experience-
dependent neuroplastic changes have been docu-
mented in developing and mature animals exposed to
enriched environments. These include dendritic
branching, growth of new dendritic spines, axonal
remodeling, and increased myelination in brain
regions involved in adapting to the environmental
contingencies.” ™ To the extent that such neurobiolog-
ical changes occur in conjunction with cognitive activity
in humans, habitual participation in cognitively stimu-
lating pursuits over a lifetime might substantially increase
the efficiency of some cognitive systems so that a rela-
tively greater neuropathologic burden would be required
to impair functioning,

Study strengths and limitations should be noted.
Rates of participation in clinical evaluations and



[ Table 2 Relation of cognitive activity to decline in cognitive domains after adjustment for neuropathologic burden?®

Perceptual speed Visuospatial ability

Working memory

Semantic memory

Episodic memory

Estimate

Estimate

Estimate

Estimate

Estimate

Model term

0.014 0.092 —0.026 0.014 0.056 —-0.067 0.015 <0.001 -0.130 0.016 <0.001 —-0.052 0.018 0.005

-0.024

Time (from death)

0.001

0.070 <0.001 0.402 0.074 <0.001 0.229 0.064 <0.001 0.574 0.080 <0.001 0.279 0.083

0.246

Late-life activity

0.009 <0.001 0.040 0.009 <0.001 0.040 0.010 <0.001 0.019 0.012 0.113 0.042 0.014 0.002

0.030

Time X late-life activity

0.108 0.485 0.075 0.107 0.483 0.245 0.097 0.012 -0.083 0.111 0.455 0.158 0.113 0.164

0.075

Early-life activity

0.014 0.468 0.011 0.014 0.413 0.035 0.016 0.026 0.022 0.017 0.195 0.032 0.019 0.095

0.011

Time X early-life activity

Abbreviation: SE = standard error.

2From separate mixed-effects models that controlled for age at death, sex, education, and postmortem measures of amyloid burden, tangle density, gross and microscopic cerebral infarction, and neocortical Lewy

bodies.

autopsy were high, minimizing bias caused by selec-
tive attrition. Cognitive activity and cognitive func-
tion were assessed with psychometrically established
scales, minimizing measurement error. Cognition
was assessed at multiple evenly spaced intervals prox-
imate to death, enhancing our ability to reliably assess
individual paths of change and their association with
postmortem pathologic and antemortem experiential
measures. An important limitation is that the cohort
is selected, so the generalizability of the findings will
need to be demonstrated. In addition, assessment of
carly-life cognitive activity was based on retrospective
report, which may have biased results and limited our
ability to capture activity differences between early-
life epochs. We had too few participants and insuffi-
cient follow-up to test whether the association of cog-
nitive activity with rate of cognitive change shifts
during the development of dementia, as predicted
by the cognitive reserve hypothesis.*
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