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Abstract

Objective: To characterize trajectories of normative cognitive aging.

Methods: Older persons without dementia at study enrollment (n = 1,010) had annual cognitive 

testing for up to 24 years (mean = 9.9 years, standard deviation = 5.0), died, and underwent a 

neuropathologic examination to quantify 9 postmortem markers of common neurodegenerative 

and cerebrovascular conditions. To accommodate the heterogeneity in cognitive trajectories, we 

used functional mixed effects models, which allow individuals to have different patterns of 

cognitive decline under a unified model structure.

Results: In a functional mixed effects model, postmortem markers (Alzheimer disease pathology, 

Lewy bodies, transactive response DNA-binding protein 43 pathology, hippocampal sclerosis, 

atherosclerosis, gross infarcts) were associated with global cognitive decline. Residual global 

cognitive decline after adjustment for neuropathologic burden was weakly related to age at 

death; it occurred in only about one-third of participants, mostly proximate to death. Results 

were comparable after eliminating the initial cognitive assessments to minimize retest learning or 

controlling for frailty proximate to death. Analyses were also conducted with composite measures 

of episodic memory and perceptual speed. Residual decline not attributable to neuropathologic 

burden was confined to a subset for each outcome and was most evident proximate to death. Age 

at death was unrelated to residual decline in episodic memory but was related to residual decline in 

perceptual speed.

Interpretation: Late life cognitive loss mainly reflects non-normative pathologic and mortality-

related processes rather than normative age-related processes.

Cognitive change in late life is widely believed to reflect normative (ie, affecting nearly all 

individuals) age-related processes and non-normative (ie, affecting some individuals but not 

others) pathology-related and mortality-related processes.1,2 Normative cognitive aging is 

thought to involve decline in function, but its onset and rate are uncertain, owing to several 
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factors. First, there are multiple neurodegenerative and cerebrovascular conditions in old 

age that are associated with cognitive impairment, many of which are difficult to identify 

antemortem. Even after adjustment for neuropathologic burden, decline in cognition tends 

to accelerate proximate to death.3 Thus, it is difficult to understand normative cognitive 

aging without information on neuropathology and mortality. Second, there is substantial 

heterogeneity in late life cognitive trajectories, with little change in some persons and 

complex nonlinear change in others, making it difficult to uniformly model change. Third, 

repeated administration of cognitive tests is necessary to characterize change over time, but 

this test experience tends to enhance performance and thereby distort estimates of change4–6 

and in particular may obscure normative age-related cognitive decline.7–9 Fourth, frailty is 

related to both older age and cognitive impairment10 but is rarely accounted for in cognitive 

aging research. Fifth, there is evidence that patterns of normative age-related change may 

vary across different domains of cognition.11

The aim of this study was to characterize normative cognitive aging trajectories. Analyses 

are based on older participants in 2 longitudinal clinicopathologic cohort studies. They had 

annual cognitive testing for up to 24 years, died, and underwent a uniform neuropathologic 

examination to quantify markers of common cognition-impairing conditions. Prior research 

on these cohorts has shown that age-related neuropathologies differentially affect late 

life cognition, with some related to lower level of cognition and others related to more 

rapid decline, and that substantial cognitive decline is evident even after controlling for 

neuropathology.3,12–14 However, these studies have not accounted for variability in the 

person-specific shape of cognitive trajectories or the possibility that retest learning15 or 

frailty10 may selectively affect normative cognitive change. Here, we extend prior work in 

3 ways. First, we used functional mixed effects (FME) models that allowed for individual 

differences in cognitive trajectory shapes. Second, we tested whether retest learning or 

frailty differentially affected normative cognitive change. Third, we assessed whether results 

varied across specific cognitive domains.

Subjects and Methods

Participants

Analyses are based on older persons from 2 ongoing clinicopathologic cohort studies.16 The 

Religious Orders Study (ROS) began in 1994, and involves older Catholic nuns, priests, and 

monks from orders across the United States. The Rush Memory and Aging Project (MAP) 

began in 1997, and involves older lay persons from the Chicago area. After discussion with 

study staff, each participant signed an informed consent form and Anatomical Gift Act 

form for organ donation. An institutional review board of Rush University Medical Center 

approved each study. The study designs and operations are identical in essential details. 

Eligibility required age > 50 years and absence of a prior dementia diagnosis at enrollment 

plus agreement to annual clinical evaluations and a brain autopsy and neuropathologic 

examination at death.

Persons included in the present analyses had to meet 4 criteria: absence of dementia at 

the baseline clinical evaluation, valid composite global cognitive score at baseline and at 

least 1 follow-up evaluation, death with a brain autopsy, and a completed neuropathologic 
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examination. At the time of these analyses (January 30, 2019), 3,559 people had completed 

the baseline clinical evaluation (1,448 from ROS, 2,111 from MAP). We excluded 213 

persons with dementia (98 from ROS, 115 from MAP). Of the remaining 3,346 individuals, 

we excluded 99 who died before the first annual follow-up evaluation (30 from ROS, 69 

from MAP) and 286 who had been enrolled <1 year (55 from ROS, 231 from MAP). This 

left 2,961 individuals eligible for follow-up, and follow-up cognitive data were available for 

2,945 (1,263 from ROS, 1,682 from MAP, 99.5% follow rate). There were 1,550 deaths 

in this group (716 from ROS, 834 from MAP). A brain autopsy was done on 1,362 

(661 from ROS, 701 from MAP, 87.9% autopsy rate). At the time of these analyses, the 

neuropathologic examination had been completed on 1,168 individuals (528 from ROS, 640 

from MAP). We excluded 158 individuals who had other major pathologic diagnoses (62 

from ROS, 96 from MAP) leaving 1,010 individuals in the main analytic group. Descriptive 

data on the participants is provided in the Table.

In analyses of retest effects, a minimum of 3 follow-up evaluations was required, so that 106 

individuals with <3 follow-up evaluations were excluded. The 106 persons excluded from 

these secondary analyses were older at baseline (83.6 vs 79.7, t[1,008] = 5.6, p < 0.001), 

had less education (15.4 vs 16.3 years, t[1,008] = 2.4, p = 0.005), and were younger at the 

time of death (86.7 vs 90.3, t[1,008] = 5.1, p < 0.001) than the 904 persons included, but 

the groups did not differ in gender distribution (62.3% women vs 70.9%, χ2[1] = 3.4, p = 

0.066).

Clinical Evaluation

The annual clinical evaluation included a structured medical history, neurologic 

examination, and cognitive assessment. After the evaluation, an experienced clinician 

diagnosed dementia if there was a history of cognitive decline and impairment in at 

least 2 cognitive domains.17 Further information on the implementation of these criteria 

is published elsewhere.16

Cognitive Function Assessment

A battery of 19 cognitive performance tests was administered annually. One aim was 

to inform clinical decisions about dementia. To maintain uniformity, we developed 

educationally adjusted cutpoints on 11 tests and an algorithm to rate impairment in 5 

cognitive domains.18,19 A neuropsychologist with access to all cognitive test data agreed 

or disagreed with each algorithmic rating (and assigned a new rating in the event of 

disagreement).18–20

A second aim was to measure change in cognitive function. Two tests (Mini-Mental State 

Examination and Complex Ideational Material) were used only for clinical diagnostic 

decisions. The remaining 17 tests were used in longitudinal analyses. There were 7 

measures of episodic memory (immediate and delayed recall of the East Boston Story and 

Logical Memory Story A; Word List Memory, Word List Recall, Word List Recognition), 

2 measures of perceptual speed (Symbol Digit Modalities Test, Number Comparison), 3 

measures of semantic memory (Boston Naming Test, Verbal Fluency, Word Reading), 3 

measures of working memory (Digit Span Forward, Digit Span Backward, Digit Ordering), 
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and 2 measures of visuospatial ability (Judgment of Line Orientation, Standard Progressive 

Matrices). The primary outcome was a composite measure of global cognition based on 

all 17 tests. Supported by factor analyses in these21–23 and other24 cohorts, we also used 

composite measures of episodic memory (based on 7 tests) and perceptual speed (based on 

2 tests) as secondary outcomes. To make the composite scores, we converted raw scores on 

components tests to z scores, using the baseline mean and standard deviation (SD) from the 

combined parent studies, and then averaged z scores. Further information on the individual 

and composite measures is available in previous publications.21–24

Frailty Assessment

The annual clinical evaluation included 37 items assessing disease symptoms (eg, 

claudication), functional limitations (eg, difficulty walking), and physical performance (eg, 

low pinch strength). The proportion of the items present was used as a frailty index.10,25 The 

index was missing if more than half of the items were missing. In analyses, we used the 

frailty index from the last evaluation before death.

Neuropathologic Examination

Brain removal and sectioning and preservation of the tissue followed a standard protocol.26 

The cerebral hemispheres were cut coronally into 1cm slabs that were examined for gross 

infarcts. Hematoxylin and eosin stain was used to identify microinfarcts in 9 regions from 1 

hemisphere.27 We assessed cerebral amyloid angiopathy with amyloid-beta immunostaining 

in 4 regions, with amyloid-beta deposition rated on a 5-point scale and averaged across 

regions.28 Assessment of atherosclerosis was based on visual inspection of vessels in 

the circle of Willis.29 Assessment of arteriolar sclerosis was done histologically from 

hematoxylin and eosin–stained sections of the anterior basal ganglia.29 Both artherosclerosis 

and arteriolar sclerosis were considered present if rated moderate or severe.

We assessed neuritic plaques, diffuse plaques, and neurofibrillary tangles in 5 brain 

regions with a modified Bielschowsky silver stain, with regional scores of each pathology 

standardized and averaged to yield a continuous composite measure of Alzheimer disease 

(AD) pathology.30 We assessed transactive response DNA-binding protein 43 (TDP-43) 

cytoplasmic inclusions in 6 regions using monoclonal antibodies to phosphorylated TDP-43 

(p5409/410; 1:100),31 with inclusion density rated on a 4-point scale and averaged across 

regions to yield a composite score.32 Hippocampal sclerosis was defined as severe neuronal 

loss and gliosis in the hippocampus or subiculum.33,34 Lewy bodies were assessed in the 

substantia nigra, 2 limbic regions, and 3 neocortical areas using a monoclonal antibody 

to alpha-synuclein (LB 509; 1:50; Zymed Laboratories, South San Francisco, CA). The 

diagnosis of neocortical Lewy body disease required findings in the neocortex (and was 

usually accompanied by nigral and limbic Lewy bodies).35

Statistical Analysis

We used the FME model36,37 to investigate cognitive trajectories. The FME model allows 

individuals to have different patterns of cognitive decline within a unified model structure. 

It also allows the influence of predictors (eg, age at death and neuropathology) to vary 

flexibly over time rather than follow a particular functional form, providing a more 
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accurate estimation of their effects on the cognitive trajectories with less concern regarding 

model misspecification. It facilitates a more accurate estimation of the residual trajectories 

with these fixed effects adjusted. Recognizing the heterogeneity of the residual cognitive 

trajectories, we further considered a mixture model to explore the possible latent groups of 

the person-specific random effects.

The FME model is specified below. Denote by Cogij the observed longitudinal measure of 

cognition for Participant i at visit j, where i = 1, …, n, with n the total number of participants 

and j = 1, …, mi, with mi the number of visits for the ith participant. The time reference (tij) is 

years before death. The functional mixed effects model can be written as follows,

Cogij = Agei × βage tij + Male i × βmale tij + Educi × βeduc tij
+βpatbologies tij

⊤ × Patℎologies i + αi tij + eij

where βage( ⋅ ), βmale( ⋅ ), βeduc( ⋅ ) are the fixed functions of the demographic variables, βpathologies ( ⋅ )
is a 9 × 1 vector of fixed functions for the 9 pathologies, αi tij  is the person-specific 

residual function, and eij is the measurement error. The fixed functions can be interpreted 

as the longitudinal profiles attributable to the corresponding variables. For example, βage  tij

characterizes the change in the longitudinal cognition profile per 1 year older in age at death.

To estimate the model, the fixed functions are all formulated as B-spline expansions: 

β∗(t) = B1(t)b∗ 1 + ⋯ + BK(t)b∗ K, where Bk(t) and b∗k, k = 1, …, K, are respectively the B-

spline basis functions and coefficients. Similarly, the person-specific residual function 

is formulated as another B-spline expansion: αi(t) = B1(t)αi1 + ⋯ + BK(t)αiK, where αk1, 

k = 1, …, K, are person-specific random coefficients.

First, we fit regular mixed effects models assuming the random coefficients are homogenous 

with the same distribution, αi1, …, αiK ∼ N u1, …, uK , Σ , where u1, …, uK  is a vector of 

fixed B-spline coefficients and Σ is the covariance matrix. The fixed B-spline function 

μ(t) = B1(t)u1 + ⋯ + BK(t)uK can be interpreted as the “average” cognitive profile, after 

adjusting for demographic and pathological variables.

Next, to capture the heterogeneity of the residual cognitive decline, we extend the model 

by assuming the random coefficients follow a mixture distribution with G latent classes, 

αi1, …, αiK ∼ ∑g = 1
G πigN ug1, …, ugK , Σg , where πig is the probability for the ith subject to 

belong to the gth latent class, and ug1, …, ugK  and Σg are respectively the class-specific fixed 

coefficients and covariance matrix. For model simplicity, we further assume Σg, g = 1, …, G, 

share the same correlation structure S, but with different magnitudes of variations κg, that is, 

∑g = κgS. The optimal number of latent classes G was selected by minimizing the Bayesian 

information criterion (BIC), which balances the goodness-of-fit and parsimony of the model 

and avoids overfitting. Participants were subsequently classified into G subgroups based on 

posterior probabilities estimated from the model.38

All preprocessing and statistical analyses were performed using R version 3.4.2 (R 

Foundation for Statistical Computing, Vienna, Austria). The FME models were fitted by 

the R packages nlme and lcmm. To reduce the odds of a convergence toward a local 
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maximum, we used a grid of random initial values and retained the estimates with the best 

log-likelihood.

There were multiple secondary analyses. We assessed the relation of age at death to 

cognition in a model that included only demographic terms and then assessed the relation 

of neuropathological markers to residual cognitive change from this model. We repeated 

the core FME model separately in the ROS and MAP cohorts. We assessed the effects 

of prevalent and incident cognitive impairment in linear mixed effects models. Finally, we 

repeated the core FME model excluding the initial cognitive data points, adjusting for level 

of frailty proximate to death, and using measures of specific cognitive functions in place of 

the global cognitive measure.

Results

Global Cognitive Function

At baseline, the composite measure of global cognition ranged from −1.95 to 1.40 (mean = 

−0.02, SD = 0.51), with higher scores indicating better function. Younger age at baseline (r 
= −0.37, p < 0.001) and higher educational attainment (r = 0.35, p < 0.001) were associated 

with higher level of function; scores of women (mean = −0.034, SD = 0.515) and men (mean 

= 0.024, SD = 0.505) did not differ (t[1,008] = 1.66, p = 0.098).

Participants underwent annual cognitive testing for a mean of 9.9 years before death 

(SD = 5.0, range = 0.8–24.0). Figure 1 shows the crude trajectories of global cognitive 

change in 100 randomly selected participants. Substantial heterogeneity is evident, with 

flat trajectories, trajectories showing linear change, and trajectories showing nonlinear 

change. We used an FME model to characterize cognitive trajectories; in this approach, 

the functional coefficients are modeled as B-spline expansions with 2 equal-quantile interior 

knots. As illustrated for 2 individual participants (Fig 2), the B-spline model is a flexible 

data-driven approach that allows for different patterns of decline (eg, straight lines, smooth 

curves) under a unified model structure.

Neuropathologic Burden and Global Cognitive Trajectories

To assess pathologic influences on cognition, we included terms for 9 postmortem 

neuropathologic markers in the FME model. A composite measure of AD pathology ranged 

from 0 to 3.07 (mean = 0.75, SD = 0.60), and a composite measure of TDP-43 pathology 

ranged from 0 to 4.67 (mean = 0.64, SD = 0.96); 13.5% had neocortical Lewy bodies, 

and 8.9% had hippocampal sclerosis. A composite measure of cerebral amyloid angiopathy 

ranged from 0 to 4.00 (mean = 1.14, SD = 1.06); 35.7% had at least 1 gross infarct, 28.5% 

had at least 1 microinfarct, 30.3% had at least moderate atherosclerosis, and 29.5% had at 

least moderate arteriolar sclerosis. This and all subsequent models also included terms for 

age at death, sex, and education. Figure 3 shows the fixed effect of each neuropathologic 

marker on global cognitive trajectories. With these neuropathologic influences accounted 

for, older age (at death) had a modest association with rate of global cognitive decline (Fig 

4A).
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For comparison, we also examined the model fits using a linear mixed effects model. 

The estimation results of the linear model are plotted in Figure 3 in red dashed lines. 

We can determine whether a particular functional coefficient is significantly nonlinear by 

checking whether the linear line is not completely covered by the 95% pointwise confidence 

interval of the nonlinear curves. The fixed effects of AD and Lewy bodies are significantly 

nonlinear; the effect of TDP is close to nonlinear; the effects of other pathologies are not 

significantly different from linear. We further assessed the models by the commonly used 

Akaike information criterion (AIC) and BIC scores. Both statistics (the smaller the better) 

have a penalty term for the number of parameters, which balances the goodness of fit and 

model complexity. The FME model (AIC = 5448.91, BIC = 6058.71) was better than the 

linear model (AIC = 10043.26, BIC = 10249.81) by both criteria.

Residual Global Cognitive Trajectories

With the functional mixed effects model adjusted for neuropathologic burden, we plotted the 

residual global cognitive trajectories (gray lines in Fig 5A) with the mean residual global 

cognitive trajectory superimposed (black line in Fig 5A). The mean trajectory is relatively 

flat, but substantial between-person variation in the residual trajectories is evident.

Based on the posterior probabilities estimated from the model, residual global cognitive 

trajectories were classified into 4 subgroups (Fig 6). Subgroups 1 (36.2%) and 2 (29.7%) 

had relatively flat residual cognitive trajectories, with subgroup 1 functioning at a slightly 

higher level than subgroup 2. In contrast, subgroup 3 (31.1%) exhibited moderate decline 

and subgroup 4 (3.0%) exhibited precipitous decline. These data suggest that nonpathologic 

late life cognitive decline is confined to a subset of older persons and mostly occurs 

proximate to death.

Additional Analyses of Age

We conducted 2 additional analyses to further disentangle age and neuropathologic effects. 

First, we fit an FME model that only included terms for demographic variables. In this 

analysis, the association of age at death with the global cognitive trajectory appeared 

stronger than in the core FME model, but the 95% confidence intervals overlapped, 

indicating that the difference was not statistically significant. Second, we fit another FME 

model with the neuropathologic markers as covariates to the residuals obtained in step 1. 

In this analysis, the estimated effects of the neuropathologic markers on global cognitive 

trajectories did not differ from the core FME model.

ROS and MAP Cohorts

We repeated the core FME model separately in ROS and MAP participants to determine 

whether the 4 latent groups were present in each cohort. Based on the BIC scores, the 

optimal number of the latent classes in ROS (25.5%, 38.6%, 30.3%, 6.7%) and MAP 

(48.3%, 32.2%, 14.2%, 5.3%) is 4, which is the same as the original model. We also 

compared latent class membership for individuals estimated from the combined versus 

separate cohorts. The separate cohort estimates were similar to the combined cohort 

estimates, somewhat more so for ROS (weighted Cohen kappa = 0.88) than for MAP 

(weighted Cohen kappa = 0.77).
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Mild Cognitive Impairment and Dementia

At baseline, 307 (30.4%) persons met criteria for MCI. On follow-up, 258 (25.5%) persons 

developed incident MCI, 249 (24.7%) developed incident dementia, and 196 (19.4%) 

remained free of cognitive impairment. To determine whether these clinical conditions 

affected the association of age with cognition, we constructed a linear mixed-effects model 

with terms for the same demographic and pathologic variables included in the FME model 

plus indicators for cognitive impairment at baseline, incident cognitive impairment on 

follow-up, the 2-way interactions of each variable separately with age and time, and the 

3-way interaction of each with age plus time. In this analysis, each cognitive impairment 

indicator was related to level of cognitive function and rate of cognitive change, but neither 

indicator modified the association of age with level of cognitive function or rate of cognitive 

change (data not shown).

Retest Learning

Repeated administration of cognitive tests is known to enhance performance,4–6 which 

can lead to underestimation of rates of decline in old age. It is possible, therefore, that 

retest learning could be obscuring evidence of normative cognitive change. To address 

this possibility, we tested the hypothesis that reducing retest effects would increase our 

estimate of normative cognitive change. We reduced retest effects by eliminating the initial 

cognitive data points, which have been shown in this15 and other39–42 cohorts to be most 

affected by retest learning. Thus, we repeated the original analysis (of 1,010 individuals 

with a minimum of 2 annual cognitive data points) on a subgroup of 904 individuals with a 

minimum of 4 annual cognitive data points (1) using all data points, (2) excluding the first 

data point, and (3) excluding the first and second data points. Comparison of the results of 

step 1 with steps 2 and 3 assesses the effect of reducing retest learning, and comparison of 

step 1 with the original results assesses the effect of excluding the 106 individuals with the 

least follow-up.

Overall, the fitted results were very similar to the original analyses, and estimates of 

cognitive change did not significantly differ with or without the first 2 cognitive data points. 

Specifically, there were no significant differences in the fixed effects of the postmortem 

pathologic markers or age at death. In addition, as in the primary result, 4 subgroups 

were consistently identified and the mean trajectory for each subgroup fell within the 95% 

confidence band of the original model fit.

Frailty

To determine whether pathologies outside of the brain affected results, we repeated the core 

FME model with a term added for frailty (proportion of 37 health and functional deficits 

present). At the last evaluation before death, frailty scores ranged from 0.016 to 1 (mean = 

0.474, SD = 0.219), with higher scores indicating higher level of frailty (ROS mean = 0.494, 

SD = 0.227; MAP mean = 0.458, SD = 0.211). In this analysis, higher frailty was associated 

with more rapid global cognitive decline; there was no significant change in the associations 

of age at death or the neuropathologic markers with cognitive decline; and the mean residual 

trajectory was similar to the original model except for a slight cognitive increase proximate 

to death, suggesting overadjustment (data not shown).
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Change in Specific Cognitive Domains

We repeated the original analyses using composite measures of episodic memory (baseline 

mean = −0.037, SD = 0.66) and perceptual speed (baseline mean = −0.09, SD = 0.84) 

as the outcomes. With the adjustment for neuropathologic influences, age (at death) was 

essentially unrelated to residual change in episodic memory (see Fig 4B). The mean residual 

trajectory was flat, but there was much between-person variability (see Fig 5B), and 4 

residual trajectory subgroups were identified (Fig 7); episodic memory improved slightly 

in subgroup 1 (25.0%), did not change in subgroup 2 (31.4%), and declined moderately in 

subgroup 3 (37.8%) and rapidly in subgroup 4 (5.8%).

Adjustment for neuropathologic influences did not eliminate the association of older age 

(at death) with more rapid decline in perceptual speed (see Fig 4C). Consistent with this 

observation, there was some decline evident in the mean residual perceptual speed trajectory 

(see Fig 5C). Four subgroups of residual change in perceptual speed were identified (Fig 8); 

there was little perceptual speed change in subgroup 1 (26.2%) or 2 (29.7%), with subgroup 

1 performing at a higher level than subgroup 2; by contrast, perceptual speed declined 

moderately in subgroup 3 (39.9%) and precipitously in subgroup 4 (4.2%).

Discussion

These analyses are based on a group of >1,000 older persons who had annual cognitive 

testing for up to 24 years, died, and underwent neuropathologic examination. After 

adjustment for the deleterious effects of non-normative pathologic processes, residual 

global cognitive decline was seen in about one-third of the participants and was related 

to mortality more than age (at death). The results suggest that most late life cognitive loss is 

attributable to non-normative processes related to brain pathology or mortality and provide 

little evidence that a meaningful proportion of late life cognitive loss reflects normative 

age-related processes.

The present results are consistent with previous research demonstrating that common 

neuropathologic conditions3,12–14 and impending death43,44 are robustly related to cognition 

in late life. These results build on existing knowledge by showing that after controlling for 

neuropathologic burden, residual cognitive decline is confined to a subset of persons (ie, not 

normative) and is more strongly related to mortality than age. These data suggest that age is 

associated with late life cognition by virtue of its associations with neuropathologic burden 

and mortality and that loss of cognition in old age mainly reflects non-normative factors.

Longitudinal assessment of cognition is subject to retest effects that can distort estimates of 

cognitive trajectories.4 A novel finding in these analyses was that eliminating the cognitive 

data points likely to be most influenced by retest learning did not significantly affect results, 

suggesting that retest learning did not selectively obscure evidence of normative cognitive 

aging.

Another novel feature of these analyses is that we controlled for frailty proximate to 

death. Higher level of frailty was associated with more rapid cognitive decline. Importantly, 

however, adjusting for frailty did not affect the correlation of age (or the neuropathologic 
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markers) with cognitive decline, suggesting that failing health in late life is not distorting the 

association of age with cognition.

We also analyzed specific cognitive domains. Postmortem neuropathologic markers were 

related to change in both episodic memory and perceptual speed. As in the analysis of 

global cognition, with these pathologic effects accounted for, there was no residual cognitive 

decline in most individuals, but there was a dissociation such that age at death was unrelated 

to residual episodic memory decline but robustly related to residual decline in perceptual 

speed. Even in perceptual speed, however, residual decline was only seen in a subset of older 

persons.

The association of neuropathologies with dementia has been reported to weaken in very 

old age.45 However, in previous analyses of persons from the ROS and MAP cohorts, 

we found no evidence that neuropathologic correlations with late life cognitive trajectories 

systematically varied by age.46

The finding that most late life loss of cognition reflects non-normative influences rather 

than aging calls into question the use of age-adjusted normative data to define cognitive 

impairment in older people. The inadequacy of much late life normative cognitive data has 

led to calls for robust norms in which individuals who subsequently developed dementia 

or mild cognitive impairment are excluded from the normative reference group.47,48 

However, there are many cognition-impairing conditions in old age, some of which are 

quite common (eg, AD). As a result, some neuropathologic burden is nearly always found 

on detailed examination of the brain, even in those who died without manifest cognitive 

impairment,49,50 making elimination of affected individuals difficult, particularly among 

the oldest old. If age is not an important driver of late life cognitive loss, a more feasible 

approach might be to compare the performance of older people to a reference group in an 

age range in which non-normative and mortality influences are minimal.

Strengths and limitations of these data should be noted. The mean of about 10 years of 

annual cognitive testing provided a solid platform for observing cognitive change. The high 

rate of participation in cognitive follow-up and brain autopsy minimized the likelihood 

of selective attrition. The modeling approach allowed us to accommodate wide individual 

differences in cognitive trajectory shapes. In addition, the availability of data on when 

death occurred and postmortem markers of brain pathologies made it possible to capture 

key non-normative influences on cognition. However, it is unlikely that all relevant brain 

pathologies were measured, and we also acknowledge that using postmortem data to 

“predict” antemortem behavior may entail some error, but these limitations would be more 

likely to result in underestimation of non-normative influences on cognition compared to 

normative influences. Another limitation is that analyses are based on a selected group 

of participants, and so the generalizability of the findings remains to be determined. In 

addition, because participants were followed at uniform intervals, we assessed retest effects 

indirectly rather than directly.
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FIGURE 1: 
Crude trajectories of change in global cognition in 100 randomly selected participants.
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FIGURE 2: 
Fits of linear and B-spline models for 2 exemplary participants.
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FIGURE 3: 
The association of postmortem neuropathologic markers with trajectories of change in 

global cognition. Solid blue line is mean trajectory estimated by functional mixed effects 

model (with blue shading showing the 95% pointwise confidence interval), and dotted red 

line is the mean trajectory estimated by a linear mixed effects model, adjusted for age at 

death, sex, and education. The dotted black line is the flat line of zero; if it is not completely 

covered by blue shading, the marker is significantly related to the trajectory (eg, Alzheimer 

disease [AD]); otherwise it is not significantly related (eg, cerebral amyloid angiopathy 

[CAA]). sd = standard deviation; TDP-43 = transactive response DNA-binding protein 43.
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FIGURE 4: 
The association of age at death with change in (A) global cognition, (B) episodic memory, 

and (C) perceptual speed, from functional mixed effects models adjusted for sex, education, 

and 9 postmortem neuropathologic markers.
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FIGURE 5: 
Individual (gray lines) and mean (black line) trajectories of change in (A) global cognition, 

(B) episodic memory, and (C) perceptual speed, from functional mixed effects models 

adjusted for age at death, sex, education, and 9 postmortem neuropathologic markers.
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FIGURE 6: 
Latent subgroups of trajectories of change in global cognition, from a functional mixed 

effects model adjusted for age at death, sex, education, and 9 postmortem neuropathologic 

markers.
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FIGURE 7: 
Latent subgroups of trajectories of change in episodic memory, from a functional mixed 

effects model adjusted for age at death, sex, education, and 9 postmortem neuropathologic 

markers.
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FIGURE 8: 
Latent subgroups of trajectories of change in perceptual speed, from a functional mixed 

effects model adjusted for age at death, sex, education, and 9 postmortem neuropathologic 

markers.
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