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Objective: Neurodegenerative and cerebrovascular conditions are common in old age and are associated
with cognitive decline. However, considerable heterogeneity remains in residua decline (i.e., person-
specific trajectories of cognitive decline adjusted for these common neuropathologic conditions). The
present study aimed to characterize profiles of residual decline in late life cognition. Method: Up to 19
waves of longitudinal cognitive data were collected from 876 autopsied participants from 2 ongoing
clinical-pathologic cohort studies of aging. Uniform neuropathologic examinations quantified measures
of Alzheimer’s disease, cerebral infarcts, Lewy body disease, and hippocampal sclerosis. Random effects
mixture models characterized latent profiles of residual decline in global cognition. Results: We
identified 4 latent groups, and each group demonstrated distinct residual decline profiles. On average,
44% of the participants had little or no decline, 35% showed moderate decline, 13% showed severe
decline and the rest (8%) had substantial within-subject fluctuation of longitudinal cognitive measures.
These latent groups differed in psychological, experiential and neurobiologic factors that have been
previously shown to be associated with cognitive decline. Specifically, compared with nondecliners,
decliners had more depressive symptoms, were more socially isolated; were less engaged in cognitive or
physical activities; and had lower density of noradrenergic neuronsin locus ceruleus. Conclusions: After
controlling for common dementia related pathologies, considerable residua variability remains in
cognitive aging trajectories and this variability is not random but rather is related to markers of cognitive
and neural reserve. The mixture modeling approach provides a powerful tool to identify latent groups

with distinct cognitive trajectories.
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Loss of cognition in late life poses a major public health chal-
lenge. Identifying profiles of cognitive aging is essential to de-
velop strategies for preventing or delaying cognitive impairment
and dementia. Some literature suggests that cognitive decline is
intrinsic to the aging process and affects everyone (Salthouse,
2004; Salthouse, 2012). Other literature, however, emphasizes that
much of between-person variability is extrinsic and cognitive

decline is not an inevitable feature of aging (Rowe & Kahn, 1987;
Deary et d., 2009).

There is considerable heterogeneity in cognitive trajectories
where some people remain stable, some decline slowly and others
decline fast (Hayden et al., 2011). Common neuropathologic con-
ditions, for example, Alzheimer’s disease (AD), cerebral infarcts,
and Lewy body disease, are important contributing factors to such
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heterogeneity. Burdens of various pathologies on cognition are in
genera independent and additive (Launer et al., 2008; Sonnen et
al., 2007; Troncoso et a., 2008). Subclinical pathologies (Bennett,
Wilson, Boyle, Buchman, & Schneider, 2012; Hedden et al., 2012;
Morris et al., 1996; Sperling et a., 2011) and mixed pathologies
(Kovacs et d., 2008; Fotuhi et a., 2009) are common. Notably,
these pathologic indices explain less than half (approximately
40%) of the variation in person-specific rates of cognitive change
(Boyle et a., 2013). Substantial heterogeneity remains in residual
cognitive decline, that is, person-specific change in cognition
above and beyond the influence of common pathologic indices.

In this study, we seek to determine whether there are distinct
profiles of residual cognitive aging by leveraging both cognitive
and neuropathologic data from two large community-based cohort
studies of aging. Longitudinal cognitive measures were collected
from approximately 900 participants who were followed each year,
died, and underwent brain autopsy. Uniform neuropathologic ex-
aminations quantified measures of AD, infarcts, Lewy body dis-
ease, and hippocampal sclerosis. We used a random effects mix-
ture model to identify latent groupings with distinct signatures of
residua decline. A similar modeling approach was previously
applied to investigate heterogeneity of longitudinal trajectories of
the Mini Mental State Examination in a French cohort of 3,337
older persons (Proust & Jacgmin-Gadda, 2005). We described the
distinct profile of “residual” cognitive trgjectory in each group and
tested whether these latent groups differed in previously identified
markers of cognitive and neural reserve.

M ethods

Study Participants

Data come from two ongoing large, longitudinal clinical-
pathologic cohort studies of aging: the Religious Orders Study
(ROS) and the Rush Memory and Aging Project (MAP; Bennett,
Schneider, Arvanitakis, & Wilson, 2012; Bennett, Schneider, Bu-
chman, et al., 2012). Both studies are approved by the Institutional
Review Board of Rush University Medical Center. Participants
agree to annual clinical evaluations and brain donation upon death.
Conducted by the same team of investigators, the two studies share
a large common core of measures designed to allow efficient
merging of the data. Since January 1994, over 2,800 participants
have completed the baseline evaluation. The overall clinical
follow-up exceeds 95% and the autopsy rate exceeds 90%.

At thetime of these analyses, 876 participants had died with two
or more clinical evauations required to estimate the residual
cognitive decline, and had autopsy data. All participants were free
of dementia at baseline. At their last clinical evaluation, 294
(34.0%) remained cognitively normal, 231 (26.7%) developed
mild cognitive impairment, and 340 (39.3%) developed dementia.
The mean age at baseline was 80.3 years (SD = 6.9; range:
59.0-102.1), the mean education was 16.5 years (SD = 3.6; range:
3-30), and 66.1% were females and 95.4% were non-Hispanic
Whites. The average length of follow up was 6.9 years (SD = 3.9,
range 1-18).

Cognitive Evaluations

Up to 19 waves of longitudinal data on cognitive function were
available from ROS and MAP cohorts. Each participant underwent

structured, annual clinical evaluations that included 17 cognitive
tests. These tests assess a broad range of cognitive processes
commonly affected by aging. To minimize random variability as
well as floor and ceiling artifacts, raw scores on each test were
standardized using the mean and SD from the baseline evaluation.
Individual standardized test scores were then averaged to yield a
composite score of global cognition. Higher scores indicate better
cognitive performance. Psychometric properties of the summary
score were described previously (Wilson et al., 2002).

Neuropathology M easures

Details of neuropathologic evaluation have been previously
reported (Bennett et al., 2004). Briefly, brains were removed on
average 8.3 hr (SD = 7.1 hr) after death using a standard
protocol. Cerebral hemispheres were cut into 1 cm coronal
slabs, and slabs from one hemisphere were fixed (paraformal-
dehyde) and dissected for diagnostic purpose. Using immuno-
histochemical staining and computer assisted sampling, paired
helical filament tau neuronal neurofibrillary tangle density per
mm? in eight cortical regions were determined and averaged
within and across brain regions. Beta amyloid plaque deposition
was quantified by image analysis; however, because amyloid
association with change in cognition is largely mediated by tau
tangles (Bennett et al., 2004), we excluded amyloid from the
current analyses to ensure parsimonious models. Macroscopic
infarcts were determined by gross examination of both hemi-
spheres and verified after dissection and histologic review
(Schneider et al., 2005). The presence of neocortical Lewy
bodies was identified with antibodies to a-synuclein (Schneider
et al., 2012). Hippocampal sclerosis was examined on hema-
toxylin and eosin stain and defined by severe neuronal loss in
the hippocampus and/or subiculum. Throughout the analysis,
binary measures (present vs. absent) were used for macroscopic
infarcts, Lewy bodies, and hippocampal sclerosis. The neuro-
pathologic assessment was performed by persons blinded to all
clinical data.

Cognitive and Neural Reserve Markers

Cognitive and neural reserve markers refer to psychological,
experiential, and neurobiologic factors that are associated with
increased or decreased rates of cognitive decline, either indepen-
dent of common neuropathologies or as modifiers of the associa-
tion of neuropathologies with cognition. We examined group dif-
ferences in a set of reserve markers that have been previousy
shown to be associated with cognitive decline. These include
cognitive reserve markers of depressive symptoms (Wilson et a.,
2014), purpose in life (Boyle et d., 2010), social isolation (Wilson
et al., 2007), cognitive activity (Wilson et al., 2002, 2012), socia
activity (Jameset al., 2011), and physical activity (Buchman et a.,
2012), as well as a neural reserve marker of tyrosine-hydroxylase-
immunoreactive neurona density in brainstem (Wilson, Nag, et
al., 2013).

Statistical Analysis

To examine how cognition changes over time, we anayzed
longitudinal cognitive measures over multiple years prior to death
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using arandom effects mixture model (Verbeke & Lesaffre, 1996;
Proust & Jacgmin-Gadda, 2005). While a linear mixed model is
helpful in estimating the extent to which common neuropatholo-
gies contribute to the cognitive decline, it assumes homogeneity in
person-specific residual decline. As contrast, a latent class ap-
proach iswell suited to characterize the heterogeneity, and mixture
models are essential in modeling these latent classes empirically
and without any prior assumptions about groupings (Verbeke &
Lesaffre, 1996; Roeder et al., 1999; Proust & Jacgmin-Gadda,
2005; Dodge et al., 2008). To our knowledge, the approach has not
been used to model residual cognitive decline.

The basic model is specified below. Here, the dependent vari-
able, y;;, is the observed longitudinal measure of cognition for
subject i at visit j, wherei = 1 - - - m with m the total number of
subjectsand j = 1- - - n; with n; the last visit for subject i.

Yij = oy X age + ap X sex; + ag X education;
+ By X time; X age + B, X time; X sex;
+ B X timey; X education; + B, X timef} X age
+ Bs X timef} X sex; + B X time; X education; + vio

+ vip X tlme,J + vijp X tlquj + &jj.

Independent variables age,, sex; and education; are age at base-
line, sex, and years of education for subject i. For ease of inter-
pretation, age at baseline was centered at 80 years and education
was centered at 16 years. timg; refers to time in years since
baseline for subject i at visit j. We included the quadratic terms to
capture potential nonlinear cognitive decline in later life.

ax and By are the fixed effects. Specificaly, a,, a, and o,
estimate the association of baseline age, sex, and education with
baseline level of cognition (intercept). B,, B, and B estimate the
association of baseline age, sex and education with linear decline
in cognition. B,, Bs and Bg estimate the association of these
variables with quadratic decline. The associations of neuropatho-
logic indices with the trajectory of cognitive decline were analyzed
similarly by adding corresponding terms to the basic model.

v; are the random effects for subject i. Random effects are
introduced to account for individual-specific deviations from
the mean trajectories. Regular linear mixed models in general
assume the random effects v; are homogeneous and follow the
same distribution,
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Here, ., is the mean intercept and is interpreted as the baseline
level of cognition for an average female who enrolled at age 80
and had 16 years of education. ., and p., refer to the linear and

quadratic coefficients of decline in cognition for the same average
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05 0,5 | refersto the covar
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riance structure of the random effects.
First, we fit three linear mixed models to examine heterogeneity

of person-specific change in cognition and the influence of demo-

female participant. The matrix

graphics and neuropathologies on the rate of change. Model 1
contains no covariates, Model 2 is adjusted for age at baseline, sex,
and education, and Model 3 is further adjusted for the indices of
common neuropathol ogies.

Next, to capture the heterogeneity of the residual cognitive
decline, we extended the model by having the random effects
follow a mixture distribution with K latent classes,

2
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where , refers to the probability for kth latent class and satisfies
0O=m =1, Eleﬂrrk = 1. For model simplicity, we constrained
O'%k O 12k 0
0 |. The optimal
0
number of latent classes K was selected based on the fit statistics
of Akaike'sinformation criterion (AlC) and Bayesian information
criterion (BIC). Both statistics (the smaller the better) introduce a
penalty term for the number of parametersin the maximized model
likelihood so as to balance between fitness and parsimony in
model selection and reduce the chances of overfitting the data. We
also evaluated our choice of K by using Lo-Mendell-Rubin ad-
justed Likelihood Ratio Test (LMR-LRT). Participants were sub-
sequently classified into K groups based on posterior probabilities
estimated from the model.

Random effects mixture models were fit using Mplus (Muthén
and Muthén, 1998—2012). To improve the model convergence and
avoid local maxima, we applied 1000 random sets of starting
values and optimized using 100 sets with the highest likelihood
values so as to ensure that the maximum model likelihood are
replicable under different sets of starting values. Other analyses
were done using SAS software, version 9.3 (SAS Institute, Cary,
NC) and R version 3.0.1 (www.r-project.org).

the variance covariance matrix to be cr%k

Results

Heter ogeneity of Person Specific-Change in Cognition

We started with the models without mixture (K = 1) to examine
the influence of age at baseline and common neuropathologies on
the change in cognition, adjusted for sex and education (Table 1,
Model 1 and 2). As shown in Model 1, on average, there was a
significant decline in cognition over time (., estimate
[EST] = —.034, standard error [SE] = .006, p < .001; and p.,,
EST = —.010, SE = .0003, p < .001). There was substantial
variation in person-specific trajectories in cognition with some
persons exhibiting moderate to steep decline, some declining more
slowly, and others remaining relatively stable (see Figure 1). Some
of this variation was attributable to demographics and common
neuropathologic variables (Table 1, Model 3). Older baseline age
was associated with alower level of cognition (a,, EST = —.022,
SE = .002, p < .001) and faster rate of decline (8,, EST = —.002,
SE = .001, p = .027, and B,, EST = —.0002, SE = .00006, p <
.001). Separately, tau tangle density, macroscopic infarcts, neocor-
tical Lewy bodies, and hippocampal sclerosis were each indepen-
dently associated with a faster rate of decline in cognition (Sup-
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Table 1

YU ET AL.

Association With Change in Global Cognition From the Models Without Mixture (K = 1)

Model 1 estimate (SE, p)

Model 2 estimate (SE, p)

Model 3 estimate (SE, p)

Age at baseline («,)
Male sex (ay)
Education (ag)

7 tangle density
Macroscopic infarcts
Cortical Lewy bodies
Hippocampal sclerosis

Fixed effects on baseline level (intercept)

—.024 (.002, <.001)
— 054 (.035, .120)
.034(.005, <.001)

— 022 (.002, <.001)
— 074 (.034, .030)
.033 (.004, <.001)
—.016 (.002, <.001)
— 067 (.033, .042)
— 027 (.049, .586)
— 099 (.057, .083)

Age at baseline (3,)
Male sex (B,)
Education (B3)

7 tangle density
Macroscopic infarcts
Cortical Lewy bodies
Hippocampal sclerosis

Fixed effects on decline (slope)

—.002 (.0001, .006)
1006 (.013, .639)
.003 (.002, .077)

— 002 (.0008, .027)
—.004 (.012, .728)
.003 (.002, .040)
— 006 (.001, <.001)
.005 (.011, .664)
— 024 (.016, .138)
— 007 (.018, .716)

Age at baseline (3,)
Male sex (Bs)
Education (Bg)

7 tangle density
Macroscopic infarcts
Cortical Lewy bodies
Hippocampal sclerosis

Fixed Effects on decline (quadratic)

—.0003 (.0001, <.001)

.0005 (.0007, .492)

—.0002 (.0001, .032)

—.0002 (.0001, <.001)
.0005 (.0007, .476)

—.0002 (.0001, .039)

—.0004 (.0001, <.001)
—.003 (.001, <.001)
— 006 (.001, <.001)
— 003 (.001, .004)

Mean intercept (o)
Variance (0%)
Mean linear (p.,)
Variance (03)
Covariance (o,5)
Mean quadratic (.,)
Residuals variance

Random effects

—.003(.018, .863)
219 (.012, <.001)

—.034(.006, <.001)
.018 (.001, <.001)
.017 (.003, <.001)

—.010 (.0003, <.001)
.088 (.002, <.001)

.001 (.020, .944)
.173 (.010, <.001)
—.032(.007, <.001)
.017 (.001, <.001)
.010 (.002, <.001)
—.011 (.0005, <.001)
.087 (.002, <.001)

134 (.027, <.001)
.163 (.010, <.001)
.006 (.009, .497)
.012 (.001, <.0001)
.006 (.002, .004)
—.006 (.0007, <.001)
.086 (.002, <.001)

Note. SE = Standard error.

plemental Figure S1). After adjustment for demographic and
common neuropathologic variables, the variance of the residual
slopes shrunk by approximately athird, yet substantial variability
remained.

Profiles of Residual Decline in Cognition

To further characterize the remaining heterogeneity of cognitive
decline, we fit a series of random effects mixture models to the
data. The number of latent groups (K) in the mixture was deter-
mined by using a forward-selection approach (see Figure 2).
Briefly, we started with the model with no mixture (K = 1), which
yielded an AIC statistic of 6576 and a BIC statistic of 6709. Aswe
increased the number of mixture (K), the model fit statistics
improved gradually until they leveled off at K = 4 (AIC = 4623,
and BIC = 4872). Lo-Mendell-Rubin adjusted likelihood ratio test
for the model with K = 5 suggested that a four-class model was
sufficient (value = 81.71, p = .118).

Figure 3 and Table 2 illustrate the cognitive profiles of the four
groups identified by the 4-class mixture model. The first latent
group (nondecliners) consisted of 44.4% (n = 389) of the partic-
ipants who exhibited little to no declinein cognition during follow-

up. The second group (moderate decliners) consisted of 34.7%
(n = 304) of the participants. The third group (severe decliners)
consisted of 13.0% of participants (n = 114). Notably, the linear
coefficients () of the trgjectories for the two declining groups
were both positive. As a result, these declines were mild in the
beginning and accelerated sometime thereafter. Finally, the fourth
group consisted of 7.9% of participants (n = 69). In addition to an
overall pattern of decline, the cognitive trajectory in the fourth
group was characterized by a substantialy larger within-subject
residual variance, suggesting that the longitudinal cognitive mea-
sures in these participants had large fluctuation.

Table 3 reports the demographic and neuropathologic charac-
teristics of the four groups, including the summary statistics for
each group and comparison results for overall group differences. In
general, decliners (Group 2, 3, and 4) were older and had a greater
pathologic burden at autopsy compared to nondecliners. Partici-
pants in Group 4 had the highest proportion of neocortical Lewy
bodies and macroscopic infarcts, which likely contributed to the
large residual variance observed in this group. We previously
reported that neocortical Lewy body pathology is associated with
fluctuations in cognitive decline (Schneider et a., 2012).
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Figure 1. Trajectory of cognitive decline from a model without mixture
(k = 1). The figure shows the raw cognitive data (gray) and fitted values
(dark gray) from alinear mixed model (x = 1) for arandom sample of 100
participants. The black curve corresponds to the fitted mean trajectory.

Difference in Reserve Between Latent Groups

Ultimately, prevention of cognitive decline in old age requires
an understanding of the determinants of the distinct profiles of
“residual” decline. Therefore, we examined the group differences
in cognitive and neural reserve markers that have previously been
shown to be associated with cognitive decline in old age. Table 4
shows the comparisons between the groups.

We observed overall group differences in psychological and
experiential markers of cognitive reserve, including depressive
symptoms (p < .001), socia isolation (p < .001), cognitive
activities (p = .001), and physical activities (p = .005). Compared
with nondecliners, decliners had more depressive symptoms, were
more socially isolated, and engaged in fewer cognitively stimulat-
ing or physical activities. Purpose in life and socid activities were
nominaly significant but did not pass the Bonferroni correction.
Further, decliners had lower tyrosine-hydroxylase-immunoreactive
neuronal density in the locus ceruleus than nondecliners (p < .001).

Secondary Analysis. Model Difference Between Studies
and Influence of Length of Follow-Ups

Our primary analysis combined data from two cohorts to en-
hance statistical power. To examine whether results varied be-
tween the cohorts, we performed separate analyses for the ROS
and MAP participants (Supplemental Table S1). LMR-LRT statis-
tics suggested that the models with K = 3 were sufficient for both
ROS (value = 95.45, p = .168) and MAP (vaue = 42.92, p =
.328). Several reasons could contribute to this discrepancy. First,
there were some difference between the participants from ROS and
MAP (Supplemental Table S2). In particular, participants from
ROS were younger and had longer follow-ups and a higher level of
education. On the other hand, participants from the two cohorts did

not differ in terms of the burden of common neuropathologies.
Second, analyses of the two cohorts separately require splitting the
sample size and thereby reducing power to detect effects. Impor-
tantly, the percent of participants in latent groups identified using
combined analysis did not differ between ROS and MAP, and both
combined and stratified analyses consistently revealed that sub-
stantial heterogeneity was present in cognitive trgjectories after
adjustment for common neuropathol ogies.

Separately, because participants can have varying lengths of
follow-up, we assessed the potential influence of the number of
follow-ups on the latent groupings. Thus, we refit the model by
restricting to participants with relatively longer follow-ups (at least
five). The overall results, as shown in Supplemental Table S3,
were similar.

Discussion

Our prior work examined the extent to which pathology ac-
counts for between subject variation in cognitive decline and
estimated that less than half of the variation was accounted for by
common neuropathologic conditions (Boyle et a., 2013). This
suggests that substantial heterogeneity is evident in residua cog-
nitive decline. The central question of interest in the present study
was whether this heterogeneity is random and whether it could be
characterized by distinct latent groups. Using data from nearly 900
autopsied older persons, we identified four latent groups that
demonstrated distinct profiles of change in cognition. Notably,
participants from the largest latent group did not show cognitive
decline after controlling for common neuropathologic indices;
whereas others still exhibited various degree of decline. These
latent groups differed in arange of psychological, experiential, and
neurobiologic markers of cognitive and neura reserve. Our find-
ings confirm that there remains substantial heterogeneity in indi-
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Figure 2. Comparison of models with different number of latent classes
(K). The figure shows the values of model fit statistics of AIC and BIC
decrease and level off at K = 4. See the online article for the color version
of this figure.
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Figure 3. Distinct profiles of cognitive decline by latent groups. The figure shows the observed longitudinal
global cognitive trajectories (gray) for the participants, as well as model derived mean trajectories (black), by

latent groups.

vidual cognitive trajectories, and such heterogeneity is not random
but rather is related to indices of reserve. Efforts to dissect the
heterogeneity of residual cognitive decline offer a better appreci-
ation of the complexity of cognitive aging and provide a unique
opportunity to understand important determinants of late life cog-
nitive trajectories.

The findings from this study have several important implica
tions. First, although compelling evidence from clinical-pathologic
studies has shown that pathologies of common neurodegenerative
diseases are associated with late-life cognitive decline, the extent
to which these neuropathologies are actually the drivers of cogni-
tive decline remains unknown. The present results suggest that, for
many participants, there is essentially little to no decline in global
cognition after controlling for common pathologic indices of AD,

Table 2

Estimates of Change li Cognition From the Mixture Model (K = 4)

infarcts, Lewy body disease, and hippocampal sclerosis. Although
traditional teaching sees“normal” cognitive aging as characterized
by inevitable and slowly progressive decline due to developmental
processes, this study offers an alternative conceptualization. Spe-
cificaly, it suggests that a large proportion of cognitive decline
observed among older persons is driven by the accumulation of
common neuropathologies and that cognitive aging in the absence
of neuropathology is characterized by stability in cognitive func-
tion for many older persons.

Second, although alarge proportion of participants exhibited no
cognitive decline after controlling for common pathologies, other
older participants did experience additional decline. Some of this
decline likely reflects other unmeasured pathologic processes. For
instance, recent evidence indicates that transactive response DNA-

Group 1 (n = 389) estimate
SE,

Group 2 (n = 304) estimate
SE,

Group 3 (n = 114) estimate Group 4 (n = 69) estimate
SE SE

Intercept (i) 227 (.032, <.001) — 067 (.048, .162) 165 (.049, .001) — 068 (.082, .404)
Variance (09 .107 (.013, <.001) 178 (.024, <.001) .055 (.024, .020) 261 (.065, <.001)

Linear () .022 (.007, .002) .024(.018, .180) .073(.030, .016) — 133 (.049, .007)
Variance (o3) .0008 (.0002, <.001) .007 (.002, <.001) .018 (.005, <.001) .028 (.013, .036)
Covariance (oy,) .002 (.001, .167) .012 (.004, .003) .004 (.006, .484) .007 (.016, .647)

Quadratic (1) —.002 (.001, .005) —.012 (.002, <.001) — 034 (.004, <.001) — 010 (.004, .013)

Residuals variance .031 (.002, <.001)

.055 (.007, <.001)

.090 (.015, <.001) 355 (.052, <.001)
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Table 3
Demographic, Clinical, and Pathologic Characteristics by Latent Groups
Group 1 (n = 389) Group 2 (n = 304) Group 3 (n = 114) Group 4 (n = 69)

Characteristic M (SD) or n (%) M (SD) or n (%) M (SD) or n (%) M (SD) or n (%) p-value
Study (ROS) 214 (55.0%) 158 (52.0%) 55 (48.3%) 44 (63.8) 0.186°
# follow-up years 7.1(4.2 6.6 (3.8) 6.9 (2.7) 7.2(4.0 .517°¢
Age at baseline (in years) 79.3 (6.9) 81.2 (6.6) 81.4(7.1) 79.6 (6.6) <.001*
Age at death (in years) 87.4(6.5) 89.0(6.5) 89.6 (6.6) 88.1(6.5) .0012
Male sex 143 (36.7%) 107 (35.2%) 29 (25.4%) 18 (26.1%) .067°
Education (in years) 165 (3.6) 16.4 (3.6) 16.3(3.5) 17.0 (4.4) 5152
Baseline cognition 0.17 (0.4) —0.29 (0.5) 0.06 (0.4) —0.16 (0.7) <.001*
Pathologic AD 188 (48.3%) 205 (67.4%) 98 (86.0%) 46 (66.7%) <.001°
Macroscopic infarcts 109 (28.0%) 110 (36.2%) 47 (41.2%) 37 (53.6%) <.001°
Neocortical Lewy bodies 26 (6.7%) 38 (12.5%) 21 (18.4%) 17 (24.6%) <.001°
Hippocampal sclerosis 16 (4.1%) 34 (11.2%) 15 (13.2%) 5 (7.3%) .001°

Note. Demographic measures are taken at study baseline except for age at death; and pathology measures are taken at autopsy. AD = Alzheimer’ s disease;

ROS = Religious Orders Study.

aAnalysis of variance (df = 3). ° Chi square (df = 3).

binding protein 43 pathology is not only seen in frontotemporal
lobar degeneration and amyotrophic lateral sclerosis, but is com-
mon in aging where it plays an important role in cognitive decline
and dementia (Wilson, Yu, et a., 2013). Other pathologic changes
such as white matter disease and atrophy also are important (Bird-
sill et a., 2014; Debette and Markus, 2010; Erten-Lyons et al.,
2013), as well as additional neuropathologies yet to be identified.
Interestingly, although the models used to identify the groups with
distinct cognitive profiles are adjusted for age and common neu-
ropathologies, there remain significant differences in age and
common neuropathol ogies between the groupings. This intriguing
finding suggests that multiple factors can have independent effects
on cognitive decline and at the same time be correlated with each
other. In particular, it is not unusual that multiple pathologies are
independently associated with cognitive decline but are correlated
with each other due to comorbidity. For instance, in our data,
participants with pathologic AD are more likely to have hippocam-
pal sclerosis pathology, yet both pathologies still have significant
effects on cognitive decline after controlling for one another.
Third, there are significant differences in cognitive and neural
reserve markers between the latent groups of residual cognitive

°Kruskal-Wallis Test (df = 3).

decline. This finding provides further support that behavioral and
structural elements of reserve influence late life cognitive perfor-
mance and contribute to individual differences in the ability to
respond to accumulating damage due to neuropathology. We have
previously shown that engagement in cognitively stimulating ac-
tivities helps to enhance the brain’s ability to maintain relatively
normal function despite the accumulation of a mild to moderate
neuropathologic burden, and a higher level of purpose in life also
protects against the harmful effects of AD pathology on cognitive
function in elderly persons. On the other hand, adverse psycho-
logical and experiential factors such as depression or social isola-
tion are likely to exacerbate the deleterious effects of neuropatho-
logic changes on cognition. Separately, neural density in the locus
ceruleus contributes to brain reserve capacity. Indeed, we con-
firmed that after adjustment for common neuropathologies, com-
pared with nondecliners, decliners had more depressive symptoms,
were more socially isolated, were less engaged in cognitive or
physical activities, and had fewer noradrenergic neurons in the
locus ceruleus. Clarifying the neurobiological mechanisms
through which these reserve markers exert influences on late life

Table 4
Psychological, Experiential, and Resilience Risk Factors by Latent Groups
Group 1 Group 2 Group 3 Group 4
Risk factors (n = 389) (n = 304) (n = 114) (n = 69) p*

Depressive symptom 1.18(1.16) 1.49 (1.45) 1.65 (1.37) 1.92 (1.81) <.001
Purpose in life? 3.61(0.48) 3.51 (0.46) 3.44 (0.39) 3.41(0.41) 031
Social isolation? 2.26 (0.52) 2.48 (0.55) 2.47 (0.46) 2.71(0.55) <.001
Cognitive activity® 3.40 (0.77) 3.08 (0.79) 3.12(0.94) 3.02(0.99) .001
Social activity? 2.55 (0.59) 2.36 (0.60) 2.38(0.53) 2.45 (0.47) 015
Physical activity® 2.49 (1.25) 2.27 (1.49) 2.14 (1.61) 1.32(0.84) .005
Neuron density®

Locus ceruleus 46.7 (16.5) 38.3(18.3) 37.1(20.3) 17.5(6.9) <.001

Raffe nucleus 105.9 (28.3) 102.4 (28.0) 106.0 (25.0) 84.2 (13.0) 306

Substantia nigra 30.9 (11.5) 32.2(11.3) 29.4(13.2) 235 (6.5) 329

Ventral tegmental 80.5 (43.5) 90.0 (48.4) 80.3 (46.5) 80.5 (33.8) 768

Note. Group comparisons were done using non-parametric Kruskal-Wallis Test (df = 3).

@ Data available in a subset of the sample.

* p values were assessed using adjusted o = .05/10 = 0.005, corrected for the number of tests.
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cognitive function is urgently needed to promote cognitive health
among elderly persons.

Strengths and limitations are noted. Participants in the study
underwent detailed annual cognitive evaluations for up to 19
waves as well as uniform postmortem neuropathologic examina-
tions, alowing us to reliably characterize residual cognitive tra-
jectories not explained by common neuropathologic indices. We
applied arandom effects mixture model that empirically classified
participants into latent groups with distinct signatures of residual
decline. In addition, our data also include arange of psychological,
experiential, and neurobiologic factors, which provide us with a
unique opportunity to examine reserve markers that differ between
the latent groups. The study also has limitations. For example,
pathologic measures in our analysis are markers of diseases but do
not fully capture the processes. The binary measures for macro-
scopic infarcts, Lewy bodies, and hippocampal sclerosis ignore
important dimensions such as number, size, and severity. A disease
may explain more variation in cognitive decline when these di-
mensions are taken into account. Therefore, we are likely under-
estimating the effect of the overall burden of these neuropathologic
conditions on cognitive aging. In addition, athough postmortem
indices are useful in examining the influence of pathology on
cognitive decline, even many years prior to death (Wilson et a.,
2010; Yu et a., 2013), the inability to capture the pathology in
vivo limits the understanding of how dynamic changes in patho-
logic process are related to cognitive trajectories.

Aging involves a spectrum of cognitive abilities and the rela-
tionship of these cognitive systems with age is complex. Specific
cognitive abilities, supported by distinct neural systems, may dif-
ferentially respond to neurodegenerative lesions, oxidative stress,
or inflammatory processes. Future studies are needed to examine
distinct profiles of residual cognitive trajectories in specific cog-
nitive systems.
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