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ABSTRACT

Objective: To assess the contribution of dementia-related neuropathologic lesions to age-related
and disease-related change in cognitive function.

Methods: A total of 354 Catholic nuns, priests, and brothers had annual clinical evaluations for up
to 13 years, died, and underwent brain autopsy. The clinical evaluations included detailed testing
of cognitive function from which previously established composite measures of global cognition
and specific cognitive functions were derived. As part of a uniform neuropathologic evaluation,
the density of neurofibrillary tangles was summarized in a composite measure and the presence
of Lewy bodies and gross and microscopic cerebral infarction was noted.

Results: During follow-up, rate of global cognitive decline was gradual at first and then more than
quadrupled in the last 4 to 5 years of life consistent with the onset of progressive dementia.
Neurofibrillary tangles, cerebral infarction, and neocortical Lewy bodies all contributed to gradual
age-related cognitive decline and little age-related decline was evident in the absence of these
lesions. Neurofibrillary tangles and neocortical Lewy bodies contributed to precipitous disease-
related cognitive decline, but substantial disease-related decline was evident even in the absence
of these lesions.

Conclusion: Mild age-related decline in cognitive function is mainly due to the neuropathologic
lesions traditionally associated with dementia. Neurology® 2010;75:1070-1078

GLOSSARY

AD = Alzheimer disease.

Much cognitive loss in old age is limited to very subtle decline evolving slowly over a period of
years. The neurobiologic mechanisms underlying these changes are not known. Traditionally,
this gradual age-related decline has been attributed to normative developmental processes and
distinguished from the precipitous cognitive decline attributed to pathologic processes such as
those underlying Alzheimer disease (AD) and other common dementias. However, few clini-
cal-pathologic studies have examined the relation of pathologic indices to change in cognitive
function over time,"? and none of these has separated slowly progressive age-related change
from more rapid disease-related decline. Thus, knowledge about the contribution of common
neurodegenerative lesions to cognitive aging is limited.

In the present study, we test the hypothesis that the neurodegenerative lesions associated
with late-life dementia, including AD pathology, cerebrovascular disease, and Lewy bodies,
contribute to age-related cognitive decline. The hypothesis is based on the observations that
these neuropathologic lesions are commonly observed in the brains of old people who die with
no or mild cognitive impairment®® and their cross-sectional correlation with level of cognitive
function in persons without dementia is comparable to the correlation seen in persons with
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dementia.” Data are from the Religious Or-
ders Study. Participants are older Catholic
nuns, priests, and brothers who completed up
to 13 years of annual cognitive testing, died,
and underwent brain autopsy. Summary mea-
sures of neurofibrillary tangles, cerebral in-
farction, and Lewy bodies were derived from a
uniform postmortem examination of the
brain. In analyses, we partitioned individual
paths of cognitive change into a preterminal
slowly progressive age-related component
and a separate disease-related component.
We then tested the association of postmor-
tem measures of neurodegeneration with
each component of change in cognitive
function, first using a composite measure of
global cognition and then measures of spe-
cific cognitive systems.

METHODS Participants. Clinical and pathologic data are
from older Catholic nuns, priests, and brothers who participated
in the Religious Orders Study.” All subjects agreed to annual
clinical evaluations and brain autopsy at the time of enrollment.
The clinical evaluations began in 1994 and are continuing.
Eligibility for these analyses required a completed brain au-
topsy and longitudinal cognitive data. Of 508 study participants
who died, 476 (93.7%) underwent brain autopsy. At the time of
these analyses, 354 subjects had autopsy results available and
longitudinal data. They had a mean age at death of 86.7 (SD
6.9), 59.0% were women, and 94.4% were white and non-
Hispanic. They had participated in the Religious Orders Study a
mean of 6.4 years (SD 3.2; range 0.9-13.1) with their final
clinical evaluation a median of 6 months before death (inter-
quartile range 3.0-9.5) and brain removal a median of 5.3 hours
after death (interquartile range 3.8-9.8). At the last clinical eval-

uation, 47.5% met criteria for dementia.

Standard protocol approvals, registrations, and patient
consents. After a complete description of the study, written
informed consent was obtained from all subjects. The study was
approved by the Institutional Review Board of Rush University
Medical Center.

Assessment of cognitive function. A battery of cognitive
tests was administered at baseline and repeated annually until
death. It included the following measures of episodic memory:
Word List Memory, Recall, and Recognition and immediate and
delayed recall of the East Boston Story and Story A from Logical
Memory. Semantic memory was assessed with a 20-item Boston
Naming Test, 15-item version of Extended Range Vocabulary,
20-item form of the National Adult Reading Test, and Verbal
Fluency. Digit Span Forward, Digit Span Backward, Digit Or-
dering, and Alpha Span were used to assess working memory.
Perceptual speed was measured with Number Comparison and
the oral form of the Symbol Digit Modalities Test.

Initial analyses used a previously established composite mea-
sure of global cognition based on all 19 tests. We did this because
composite measures of this sort are able to accommodate a much
wider range of performance than individual tests, thereby mini-
mizing floor and ceiling artifacts and other forms of measure-

ment error. This composite measure has yielded remarkably
similar estimates of terminal cognitive decline in separate co-
horts,'*!" likely a reflection of its sound metric properties. To
calculate the composite measure, raw scores on each test were
converted to z scores, using the baseline mean and SD in the
entire cohort, and then averaged. In addition, because prior re-
search has shown that terminal changes occur in multiple cogni-
tive domains,'*"'2 we also formed composite measures of specific
cognitive functions. Further information on the individual tests
and the derivation of the composite scores is contained in previ-

ous publications.”!?

Neuropathologic assessment. A standard protocol was fol-
lowed for brain removal (at Rush and 11 predetermined sites
across the United States), tissue sectioning and preservation, and
quantification of pathologic findings, as described in more detail
elsewhere.'""7 Each brain was cut coronally using a Plexiglas jig
into 1-cm slabs which were examined for cerebral infractions
after being fixed in 4% paraformaldehyde. The age, volume, and
location of each infarction was noted. For these analyses, we
counted old cortical and subcortical gray and white matter in-
farctions including ischemic lesions with small amounts of hem-
orrhage. We excluded infarctions that occurred within 6 months
of death or in the brainstem or cerebellum. In addition, we used
hematoxylin and eosin stain to document chronic microscopic
infarcts. In primary analyses, gross and microscopic infarcts were
treated as present or absent. In secondary analyses of each type of
infarction, a no infarct reference group was contrasted with 1
and multiple infarct subgroups.

We used tangle density as the measure of AD pathology be-
cause prior work found that it was most strongly associated with
level of cognition and the association of amyloid with cognition
was not significant when tangles were included in the analysis.'®
The density of tau-immunoreactive neurofibrillary tangles in 6
brain regions was quantified with immunohistochemistry and
computer-assisted sampling: entorhinal cortex, CA1l/subiculum,
dorsolateral prefrontal cortex or midfrontal gyrus (Brodmann
area 46/9), inferior temporal cortex (Brodmann area 20), inferior
parietal cortex or angular/supramarginal gyrus (Brodmann area
39/40), and primary visual cortex (Brodmann area 17). Regional
tangle density scores were standardized and averaged to yield a
composite measure.

Lewy bodies were identified with a-synuclein immunohisto-
chemistry (Zymed Laboratories, South San Francisco, CA;
1:100) using the avidin-biotin method with alkaline phosphatase
as the color developer, as previously described.!*!> Six brain re-
gions were examined: substantia nigra, entorhinal cortex, cingu-
late cortex, midfrontal cortex, middle temporal cortex, and
inferior parietal cortex. In analyses, a no Lewy body reference
group was contrasted with those with any neocortical Lewy bod-
ies (i.e., in midfrontal, middle temporal, or inferior parietal ar-
eas) and those with Lewy bodies confined to the substantia nigra

or limbic regions.

Data analysis. The first analytic goal was to partition cognitive
paths into slow change and rapid change components. Previous
research in this'® and other'"'>!” cohorts indicates that cognitive
decline tends to markedly accelerate in the last few years of life.
To identify this point, we constructed a series of mixed-effect
models® that allowed rate of cognitive decline to change in the
last n months before death. We tested values of n ranging from
48 to 72 based on prior research!®!! and the distribution of
follow-up time in this cohort. We selected the analysis with the
highest log likelihood value, indicating the best model fit. We
did not use clinical diagnostic data to dichotomize cognitive tra-
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jectories given evidence that years of accelerated cognitive de-
cline usually precede incident diagnoses of mild cognitive
impairment®' and dementia.?**

The second analytic goal was to assess the contribution of
postmortem variables to cognitive change. In separate analyses
for each pathologic index, we repeated the core model with terms
for the interactions of the pathologic index with time before the
change point (to estimate the association with age-related de-
cline) and with time after the change point (to estimate the asso-
ciation with disease-related decline). A final model included
terms for all pathologic indices. A composite measure of global
cognition was the primary outcome measure. Analyses were sub-
sequently repeated using measures of specific cognitive functions

in place of the global cognitive measure.

RESULTS Global cognitive decline. To make use of
all cognitive data, primary analyses were conducted
with a composite measure of global cognition based
on all individual tests. At study onset, it ranged from
—3.4 to 1.4 (mean —0.3, SD 0.7), with higher val-
ues indicating better performance. We fit a series of
models that allowed rate of change in global cogni-
tion to shift before death. Optimal results were ob-
tained with change points ranging from about 50 to
55 months before death with a change point of 52
months providing the best fit (figure e-1 on the Newu-
rology® Web site at www.neurology.org). In this
analysis (table 1, model A), global cognition declined

at a mean of 0.052 unit per year before this point
(age-related change). During the last 52 months of
life, this rate increased more than 4-fold to 0.218
unit per year (disease-related change). Baseline level
of cognitive function had a positive correlation with
age-related rate of cognitive change (» = 0.32, p =
0.002) but not with disease-related cognitive change
(r=0.05, p = 0.575). Further, age-related cognitive
change was not associated with disease-related cogni-

tive change (r = 0.06, p = 0.648).

Neuropathologic lesions and global cognitive decline.
We began analyses with a previously established com-
posite measure of the density of tau-immunoreactive
neurofibrillary tangles. Scores ranged from 0 to 65.7
(median 4.4; interquartile range 1.4-10.1) with
higher values indicating more pathology. In a mixed-
effects analysis (table 1, model B), higher tangle den-
sity was associated with more rapid age-related and
disease-related decline in global cognition. Further,
the effect of tangles was roughly equivalent for both
age-related and disease-related change. As shown in
figure 1A, which is based on this analysis, virtually no
age-related change in global cognition occurred at
low levels of tangles (25th percentile, green line)
compared to substantial decline at high levels (75th

[ Figure 1 Neuropathologic lesions and global cognitive decline ]
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percentile, red line). By contrast, much disease-
related global cognitive decline occurred despite low
levels of tangles, suggesting the involvement of other
pathologic factors.

One or more chronic gross cerebral infarctions
were found at autopsy in 36.8% of subjects and
31.2% had 1 or more microinfarctions. As shown in
table 1, both gross (model C) and microscopic
(model D) infarction were associated with a more
than 2-fold increase in rate of age-related global cog-
nitive decline. By contrast, neither gross nor micro-
scopic infarction was associated with disease-related
cognitive decline. These effects are portrayed in fig-
ure 1, B and C. Results were comparable when gross
and microscopic infarction analyses were repeated
with a no-infarction reference group contrasted with
1 infarction and multiple infarction subgroups.

At autopsy, 1 or more Lewy bodies were present
in the neocortex of 9.6% and confined to the sub-
stantia nigra or limbic regions in another 10.5%.
The presence of neocortical Lewy bodies (red line,
figure 1D) was associated with an approximate dou-
bling of disease-related decline relative to those with-
out Lewy bodies (green line, figure 1D) and a nearly
significant effect on age-related decline (table 1). By
contrast, nigral/limbic Lewy bodies (blue line, figure
1D) were not associated with either age-related or
disease-related decline in global cognition.

We constructed an additional model that in-
cluded all pathologic measures (table 1, model E). In
the absence of pathologic findings, there was a slight
age-related improvement in global cognition though

substantial disease-related decline remained, as
shown by the terms for time. Gross cerebral infarc-
tion was associated with age-related decline in global
cognition; neocortical Lewy bodies were associated
with disease-related decline; and neurofibrillary tan-
gles were associated with both age-related and
disease-related decline.

Neuropathologic lesions and decline in cognitive sys-
tems. To determine whether the association of patho-
logic burden with cognitive decline varied across
cognitive systems, we repeated the previous set of
analyses for each of 4 composite measures of specific
cognitive functions. Higher tangle density was asso-
ciated with more rapid age-related and disease-
related decline in all cognitive systems (first 2 rows of
table 2). This global effect of neurofibrillary tangles
was evident in the predicted cognitive paths associ-
ated with relatively high (75th percentile, red line) vs
relatively low (25th percentile, green line) tangle
density in figure 2. By contrast, cerebral infarction
(third through sixth rows of table 2) and Lewy bodies
(last 4 rows of table 2) had selective effects across
time and cogpnitive systems. Gross cerebral infarction
was associated with more rapid age-related decline in
episodic and working memory and more rapid
disease-related decline in semantic memory (figure
e-2). Microscopic infarction was associated with in-
creased age-related decline in semantic memory (fig-
ure e-3). As shown in figure 3, neocortical Lewy
bodies (red line) were associated with accelerated age-

related decline in perceptual speed and disease-

[ Table 2 Relation of neurodegenerative lesions to age-related and disease-related change in specific cognitive functions® ]

Model term

Age-related time x tangles

Disease-related time x
tangles

Age-related time x gross

infarction

Disease-related time x
gross infarction

Age-related time x
microscopic infarction

Disease-related time x
microscopic infarction

Age-related time x
neocortical Lewy bodies

Disease-related time x
neocortical Lewy bodies

Age-related time x

Episodic memory,
estimate (SE); p

—0.009 (0.001); <0.001
—0.005 (0.002); <0.048

—0.055(0.025); 0.027

—0.040(0.039);0.307

—0.045(0.027); 0.096

0.015 (0.040); 0.701

—0.047(0.046); 0.304

—0.296 (0.067); <0.001

—-0.012(0.043);0.789

Semantic memory,
estimate (SE); p

—0.006 (0.001); <0.001
—0.009 (0.002); <0.001

—0.017(0.018);0.348

—-0.074(0.032); 0.020

—0.051(0.019); 0.006

—0.001 (0.033);0.978

—0.048(0.034); 0.154

—0.202 (0.055); <0.001

—-0.021(0.032);0.519

Perceptual speed,
estimate (SE); p

—0.004 (0.001); 0.008
—0.005 (0.002); 0.008

—0.036 (0.021); 0.091

—0.031(0.030); 0.307

—0.038(0.022); 0.095

—0.025(0.031); 0.424

—0.080(0.039); 0.039

—0.029 (0.052); 0.580

—-0.035(0.036); 0.333

Working memory,
estimate (SE); p

—-0.003(0.001); <0.001
-0.005 (0.001); <0.001

—-0.047(0.015); 0.001

-0.004 (0.025); 0.878

-0.025(0.015); 0.113

—0.011 (0.026); 0.684

-0.038(0.027); 0.152

—0.087(0.043);0.043

-0.034 (0.025); 0.182

nigral/limbic Lewy bodies

Disease-related time x 0.054 (0.061); 0.374 0.019 (0.050); 0.698

nigral/limbic Lewy bodies

—0.007 (0.047); 0.890 0.054 (0.040); 0.173

2 From separate mixed-effects regression models that allowed for accelerated cognitive decline in the last years of life. Analyses are adjusted for age at
death. Pathologic variables were analyzed in separate models.
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[ Figure 2 Neurofibrillary tangles and decline in specific cognitive domains ]
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related decline in episodic, semantic, and working
memory, whereas Lewy bodies in nigral or limbic
regions (blue line) were not associated with decline.
With all pathologic measures in the same model, tan-
gles continued to be associated with age-related and
disease-related decline in multiple cognitive systems;
gross infarction was associated with age-related work-
ing memory decline; and neocortical Lewy bodies
were associated with age-related perceptual speed de-
cline and disease-related decline in episodic and se-
mantic memory (table e-1).

DISCUSSION In this study, more than 350 older
people completed up to 13 years of annual cognitive
testing, died, and underwent brain autopsy. Individ-
ual paths of change in cognitive function were sepa-
rated into gradual age-related and more precipitous
disease-related components. Age-related cognitive
decline was associated with neurofibrillary tangles,
cerebral infarction, and Lewy bodies and was not ev-
ident in the absence of these lesions. This indicates
that the neurodegenerative lesions traditionally asso-
ciated with dementia are principally responsible for
the gradual age-related cognitive decline that pre-
cedes dementia and that AD and related disorders
have a much greater impact on late-life cognitive
functioning than previously recognized.

Gradual cognitive decline in old age has mainly
been thought to reflect normative age-related devel-
opmental processes.!”?% In this cohort, however,
there was no age-related cognitive decline absent
postmortem evidence of neurodegenerative disease,
and multiple pathologic lesions were associated with
rate of age-related cognitive decline. These data chal-
lenge the concept of normative cognitive aging and
suggest instead that neurodegenerative disease plays a
role in virtually all late-life cognitive decline. Yet the
correlation between postmortem markers and cogni-
tive decline is far from perfect. Understanding indi-
vidual differences in the cognitive consequences of
these early neurodegenerative changes may suggest
strategies for delaying the onset of cognitive symptoms
in dementia, which epidemiologic research has identi-
fied as a key to reducing its public health burden.?-¢

Many individuals in this cohort experienced more
rapid cognitive decline in their last 4 to 5 years of life.
This terminal acceleration in cognitive decline is
well-recognized.!*-121? Although its neurobiological
basis is not well-understood, clinical studies have
suggested that dementia disorders may be involved.
Consistent with this idea, neurofibrillary tangles and
neocortical Lewy bodies, postmortem markers of AD
and Lewy body dementia, were each associated with
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[ Figure 3 Lewy bodies and decline in specific cognitive domains ]
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precipitous cognitive decline. By contrast, neither
gross nor microscopic cerebral infarctions were asso-
ciated with terminal change in cognition. Previous
research has shown that cerebral infarction contrib-
utes to risk of dementia but is rarely its sole
cause.'¥'7 The present data suggest that this may be
because cerebral infarction mainly contributes to
early mild cognitive decline rather than late rapid
decline.

Although controlling for all postmortem patho-
logic measures virtually eliminated age-related global
cognitive decline, substantial disease-related decline
remained. This suggests that the factors responsible
for precipitous cognitive decline in the last few years
of life substantially differ from the factors responsible
for cognitive change preceding this period. This is
consistent with the independence of age-related and
disease-related cognitive change observed in this
study and may explain why most risk factors for de-
mentia do not predict dementia progression. The re-
sults also indicate that factors other than tangles and
neocortical Lewy bodies are contributing to vari-
ability in disease-related cognitive decline. This
could include other pathologic features such as the
TAR DNA-binding protein 43.2?® In addition,
neurodegeneration in the form of loss of neurons
and synapses may be the most proximate cause of

Neurology 75 September 21, 2010

precipitous cognitive decline,??° leaving less vari-
ability to be accounted for by more distal contrib-
utors to neurodegeneration such as tangles and
Lewy bodies.

The relation of pathology to cognitive decline was
complex, varying not only by lesion type but also by
the portion of the late-life cognitive trajectory stud-
ied and the cognitive domain assessed. Higher tangle
density adversely affected all forms of cognition at all
trajectory points whereas the effects of cerebral in-
farction and Lewy bodies varied across time and do-
mains of cognitive function. It is noteworthy that
Lewy bodies were associated with decline in episodic
memory, a defining characteristic of AD, and that all
forms of pathology contributed to age-related decline
in working memory, a change often attributed to
normal aging. Although most late-life cognitive de-
cline appears to have a neurodegenerative compo-
nent, inferring the type of neurodegeneration from
cognitive data alone is difficult.

This study has several strengths. Psychometrically
sound composite measures of cognition were used in
analyses, minimizing floor and ceiling artifacts and
other forms of measurement error. The availability of
up to 14 evenly spaced observations per individual
allowed us to accommodate a within-person shift in
rate of change in cognitive function. The high rates

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



of participation in follow-up and autopsy reduce the
likelihood that missing data affected results.

Study limitations should also be noted. The find-
ings are based on a selected cohort so their generaliz-
ability remains to be determined. In addition, use of
a fixed cutpoint to separate age-related decline from
disease-related decline did not allow us to capture
individual differences in the onset of accelerated cog-
nitive decline, and this may have affected results.
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