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Amyloid, Vascular, and Resilience
Pathways Associated with Cognitive
Aging

Prashanthi Vemuri, PhD ®,’ Timothy G. Lesnick, MS,? David S. Knopman, MD,?
Scott A. Przybelski, BA,? Robert |. Reid, PhD ©@,* Michelle M. Mielke, PhD,%3
Jonathan Graff-Radford, MD, Val J. Lowe, MD,’ Mary M. Machulda, PhD,>

Ronald C. Petersen, MD, PhD,® and Clifford R. Jack Jr, MD'

Objective: To investigate the multifactorial processes underlying cognitive aging based on the hypothesis that multiple
causal pathways and mechanisms (amyloid, vascular, and resilience) influence longitudinal cognitive decline in each
individual through worsening brain health.
Methods: We identified 1,230 elderly subjects (aged >50 years) with an average of 4.9 years of clinical follow-up and
with amyloid positron emission tomography, diffusion tensor imaging, and structural magnetic resonance imaging
scans from the population-based Mayo Clinic Study of Aging. We examined imaging markers of amyloid and brain
health (white matter microstructural integrity and cortical thinning), systemic vascular health preceding the imaging
markers, and early to midlife intellectual enrichment to predict longitudinal cognitive trajectories. We used latent
growth curve models for modeling longitudinal cognitive decline.
Results: All the pathways (amyloid, vascular, resilience) converged through their effects on cortical thinning and wors-
ening cognition and together explained patterns in cognitive decline. Resilience and vascular pathways (aging process,
sex differences, education/occupation, and systemic vascular health) had significant impact on white matter microstruc-
tural integrity. Education/occupation levels contributed to white matter integrity through systemic vascular health.
Worsening white matter integrity contributed to significant cortical thinning and subsequently longitudinal cognitive
decline. Baseline amyloidosis contributed to a significant proportion of cognitive decline that accelerated with longer
follow-up times, and its primary impact was through cortical thinning.
Interpretation: We developed an integrated framework to help explain the dynamic and complex process of cognitive
aging by considering key causal pathways. Such an approach is important for both better comprehension of cognitive
aging processes and will aid in the development of successful intervention strategies.

ANN NEUROL 2019;86:866-877

uccessful interventions to prevent cognitive decline
Swith age can only be designed through the develop-
ment of integrated models that are able to successfully pre-
dict cognitive trajectories in the elderly by considering
multiple pathways. The recent availability of longitudinal
cognitive trajectories in population-based cohorts with

neuroimaging markers of disease and health provides an

opportunity to further the mechanistic understanding of
the cognitive aging process.

Alzheimer disease (AD) pathologies explain an
important proportion of cognitive loss in aging and
dementia.! However, the extent of impact of higher amy-
loid burden on cognitive decline in the cognitively unim-
paired (preclinical stages of AD clinical syndrome) is
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highly debated. Although it is now understood that the
impact of amyloid on cognition is mediated through tau
deposition and neurodegeneration, the assumption that
amyloidosis is a single deterministic cause of cognitive
aging in the population is not true.”> To successfully pre-
dict cognitive outcomes, it is important to consider other
key processes that substantially influence cognitive aging
along with amyloidosis: vascular health, age-related
changes, and resilience mechanisms.

Microstructural integrity measured using diffusion
tensor imaging (DTI) magnetic resonance imaging (MRI)
is sensitive to brain changes due to small vessel disease,
which is common in the elderly.* We recently found that
integrity of the small fibers in the genu of the corpus cal-
losum measured using DTI-based fractional anisotropy
(FA) captured both variability in systemic vascular health
and visible cerebrovascular injury in the form of white
matter (WM) hyperintensities.5 There are also likely age-
related, noncerebrovascular contributions to genu
FA. Aging-related loss of WM tissue composition and
integrity has been observed with an anterior—posterior
gradient (last-in-first-out theory) with greater anterior
WM  degradation.® Due to observable age-related
changes seen in the frontal WM, genu FA measurement
serves to capture both age-related WM degradation and
cerebrovascular health.

Resilience mechanisms have been studied extensively
in the context of coping with AD pathologies,” and educa-
tion is the most commonly used proxy for studying resil-
ience in pathology and imaging studies.'”'' Here, we
used a previously developed education/occupation score to
capture intellectual enrichment in early life and midlife to
understand the resilience pathway.'>'?

The overall goal of this study was to model cognitive
aging in the population as a multifactorial process based
on the hypothesis that longitudinal cognitive decline can
be modeled by taking into account measurable entities
that index multiple causal pathways and mechanisms. In
this work, we used latent growth curve models (LGCMs)
for modeling longitudinal cognitive decline. These models
are useful for studying between-person differences and
within-person change. LGCMs have been extensively used
for mapping the courses and causes of repeated measures

14
outcomes.

Subjects and Methods

Participants

All participants were enrolled in the Mayo Clinic Study of Aging
(MCSA), a longitudinal population-based study of Olmsted
County, Minnesota residents. The Olmsted County population
was enumerated using the Rochester Epidemiology Project
(REP) medical records linkage system.'”'® A recent study from
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our group showed that the selected MCSA study participants
were representative of the Olmsted County, Minnesota popula-
tion."” The complete details of the MCSA study design and
diagnostic criteria have been previously discussed by Petersen

I'"® and Roberts et al.'” Regarding standard protocol

et a
approvals, registrations, and patient consents, the study was
approved by the Mayo Clinic and Olmsted Medical Center insti-
tutional review boards, and informed consent was obtained from
all participants or their surrogates.

We identified all 1,230 individuals who were at least
50 years of age with amyloid positron emission tomography
(PET) scans at baseline from MCSA and had at least 2 clinical
follow-ups (with complete neuropsychological evaluation at all
visits), spanning the period from January 2006 to April 2018. At
the time of the scans, 1,132 were cognitively unimpaired,
93 had mild cognitive impairment, 3 were diagnosed with AD
clinical syndrome, and 2 had a missing clinical diagnosis due to
incomplete data. Sex, years of education, and major occupation
were ascertained at the baseline clinical visit. We used age at the
time of the MRI scan as a covariate. Similar to our previous
work, we calculated education and occupation composite score
as a combination of education and the major occupation in each
participant’s life.”’

Indicator of Systemic Vascular Health

As previously described by Rocca et al,?! as well as consolidated
in our recent paper,”* we searched for and included the following
7 cardiovascular and metabolic conditions in a 5-year capture
frame from REP diagnostic indices for each individual before
their MCSA visit: hypertension, hyperlipidemia, cardiac arrhyth-
mias, coronary artery disease, congestive heart failure, diabetes
mellitus, and stroke. We formed a composite score for these car-
diovascular and metabolic conditions (CMC) as the summation
of the presence or absence of these conditions. Specific Interna-
tional Classification of Diseases, 9th Revision (ICD-9) and ICD-
10 codes pooled together have been published previously.**

Amyloid Assessment from Amyloid PET scans
The acquisition, processing, and summary measure details for
amyloid PET scans acquired on the MCSA study participants
have been discussed previously.”®> A global amyloid load (stan-
dardized uptake value ratio [SUVR]) was computed for each sub-
ject by calculating median uptake in the prefrontal, orbitofrontal,
parietal, temporal, anterior cingulate, and posterior cingulate/
precuneus regions of interest (ROIs) divided by the median
uptake in the cerebellar crus gray matter (GM) ROL

MRI Acquisition and Processing

MRI was acquired on three 3T General Electric (Boston, MA)
scanners. FreeSurfer version 5.3 was used to estimate average cor-
tical thickness in AD signature regions (entorhinal cortex, infe-
rior temporal, middle temporal, fusiform) as a single measure,
which was used as a surrogate for aging- and AD-related neu-
rodegeneration.”® The DTI acquisition and processing protocol
was previously published,” and we used FA of the genu of the
corpus callosum as our measure of cerebrovascular health.
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Cognitive Performance

The MCSA neuropsychological battery consists of 9 tests cover-
ing 4 cognitive domains, as previously described."®'? In this
work, we used a global cognitive z score that was estimated from
the z transformation of the average of the 4 domain z scores
(executive function, language, memory, and visuospatial perfor-
mance) based on the entire MCSA population as a cognitive out-
come variable.

Statistical Analyses

LGCMs for Cogpnitive Decline. Our primary model was the
LGCM, a type of structural equation model (SEM), used
to describe the complex pathways preceding and leading
to cognitive decline. The LGCMs were run using all avail-
able data, with a maximum of 7 visits per subject. SEM
path analyses require assumptions regarding the ordering
of the variables. We used 3 methods to determine the
ordering: inherent temporal ordering, theoretical reason-
ing, and results from 2-panel longitudinal SEMs. Age, sex
(male), APOE4, and cycle number (which represents the
total number of clinical visits) are exogenous variables and
were placed at level 1. We positioned education/occupa-
tion, an early/midlife variable, at the second level and sys-
temic vascular health, measured in the 5 years preceding
the baseline visit, at the third level. Amyloid, genu FA,
and thickness were all acquired at the baseline visit of the
individual. Because extensive literature has shown that
upstream amyloid causes downstream neurodegeneration,
which underlies cognitive impairment,24 we placed amy-
loid at level 4, thickness at level 5, and the outcome mea-
sure of cognition at level 6. We were able to determine
the order of genu FA with respect to thickness by first
building a 2-panel SEM, described below, that provided
the final temporal ordering to the growth curve model.
This allowed us to understand the causal associations
between the variables and cognition.

In LGCMs, all subjects are assumed to have individ-
ual cognitive curves or trajectories over time of the same
functional form, although the parameters describing the
curves can differ. We put time into the curves explicitly
through 3 latent variables: “intercept” (describing how
high or low is cognition), “linear” (describing the slope of
cognitive change over time), and “quadratic” (describing
curvature in cognitive change over time). These latent var-
iables would manifest through up to 7 repeated values of
cognition (Cogl-Cog7) for each subject. Each of the
3 aspects of the cognitive curves could have a unique set
of predictors. For example, in our model, age directly
affected intercept and linearity but not quadratic. We fit
the models using Mplus version 8,%> and used full infor-
mation maximum likelihood to handle missing data. Genu
FA and log (amyloid) were standardized in the models.
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We also looked at potential interactions of age X genu
FA, age X log (amyloid), and genu FA X log (amyloid),
but did not find any of the interactions to be significant.
Forcing these interactions into the models also produced
substantial lack of fit. We pruned the SEM using back-
ward elimination from left to right and from right to left
(both methods produced the same result) to get a parsi-

monious model.

Genu FA and Neurodegeneration: Two-Panel SEM. To
answer the question of causality between genu FA and
neurodegeneration, we used longitudinal genu FA and
thickness data from the first set of contiguous values avail-
able for each subject. We repeated the modeling using the
last set of contiguous values for each subject to check for
consistency. These specific analyses were restricted to
2 time points to maintain an adequate sample size; includ-
ing more time points reduced the available sample size
substantially. We ran 2-wave, 2-variable cross-lagged panel
models.”® These models address the question, “Does x
cause y or does y cause x?” while controlling for past char-
acteristics of the individuals. Genu FA and neu-
rodegeneration at the first time point (wave 1) were used
to predict genu FA and neurodegeneration at the second
time point (wave 2). If, for example, genu FA at time
1 predicted neurodegeneration at time 2 but neu-
rodegeneration at time 1 did not predict genu FA at time
2, we would have evidence that genu FA precedes neu-
rodegeneration. We again ran these models in the SEM
framework using Mplus version 8.>°

Results

The participant characteristics by decade (50-59, 60-69,
70-79, 80-90+) are shown in Table 1. There were
approximately equal numbers of males and females. There
were some differences in APOE4 carrier status across
decades (p = 0.04), and higher education/occupation was
seen in the midlife cohort (50-69 years) compared to
elderly cohort (70-90+). Because our 50- to 69-year-old
cohort started in 2012 and the amyloid scanning was
started in the 70 to 90+ cohort in 2008, the 70 to 90+
cohort had a longer cognitive follow-up. As expected, cog-

nition worsened with age.

Two-Panel SEM

A subset of the individuals (n = 642) with 2 consecutive
genu FA and thickness measurements at the same time
points were selected to establish causality between genu
FA and thickness for the 2-panel SEM. The top panel of
Figure 1 summarizes the 2-panel SEM for genu FA and
thickness. Thickness at time t = 0 predicted thickness at
t=1(p <0.001) and genu FA at t = 0 predicted genu FA
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TABLE 1. Characteristics Table by Decade with the Mean (SD) Listed for the Continuous Variables and Count
(%) for the Categorical Variables

categorical variables.

Characteristic 50-59,n = 181 60-69, n =368 70-79,n =447 80-90+, n = 234 .
Demographics and APOE4 genotype
Age, yr 55.0 (2.5) 64.8 (2.8) 74.4 (2.7) 83.7 (3.2)
Males 92 (51%) 196 (53%) 236 (53%) 140 (60%) 0.23
APOEA carrier 51 (28%) 111 (30%) 135 (30%) 48 (21%) 0.04
Primary predictors
Education and occupation [0,0,1,0] 13.0 (2.0) 13.1 (2.4) 12.4 (2.6) 12.4 (2.9) <0.001
CMC 0.9 (1.1) 1.6 (1.3) 2.3 (1.4) 2.6 (1.5) <0.001
Genu FA [1,1,84,71] 0.63 (0.04) 0.62 (0.04) 0.59 (0.05) 0.56 (0.04) <0.001
Amyloid burden, SUVR 1.27 (0.08) 1.38 (0.19) 1.52 (0.35) 1.67 (0.47) <0.001
Thickness, mm [0,2,6,4] 2.97 (0.12) 2.95 (0.12) 2.84 (0.15) 2.74 (0.16) <0.001
Cognition-related variables
Baseline global cognition 0.99 (0.73) 0.50 (0.85) —0.09 (0.94) —0.58 (1.12) <0.001
Total cognitive visits 3.7 (0.7) 4.1 (0.9) 5.4 (1.5) 5.3 (1.4) <0.001
Follow-up, yr 3.5 (0.9) 3.9 (1.0) 5.8 (1.9) 5.7 (1.8) <0.001
Cognitively impaired [0,1,1,0] 1 (1%) 17 (5%) 39 (9%) 39 (17%) <0.001

The analysis for amyloid burden was done on the log-transformed values. Brackets indicate the number of missing observations for each age group.

*Probability values for differences between decade groups come from an analysis of variance for the continuous variables or a chi-squared test for the

CMC = cardiovascular and metabolic conditions; FA = fractional anisotropy; SD = standard deviation; SUVR = standardized uptake value ratio.

att =1 (p < 0.001) after controlling for baseline character-
istics of the individuals. Genu FA at t = 0 was predictive
of thickness at t = 1 (p = 0.015), but thickness at t = 0
was not predictive of genu FA at t = 1 (p = 0.205). These
results suggest that WM damage was upstream to thick-
ness. This is also illustrated by the bottom panel of
Figure 1. This independent model provided sufficient evi-
dence for placing genu FA before thickness in our primary
analysis.

Latent Growth Curve Model

The final parsimonious model for the latent growth curve
SEM fit the data very well, with a root mean square error
of approximation of 0.022 (95% confidence interval =
0.015-0.029), standardized root mean square residual of
0.022 (both should be <0.05 for a good fit model), confir-
matory fit index of 0.996, and Tucker-Lewis index of
0.995 (both should be >0.95). The Supplementary Table
describes all the paths in detail. Please note that the coeffi-
cients across all arrows cannot be compared but coeffi-

cients on arrows going to a particular outcome are
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comparable. The coefficients on arrows to a particular out-
come are adjusted for each other, as in a multiple linear
regression. Figure 2 summarizes the overall model, with
arrows indicating the effects that are significant at
2 < 0.05. Whereas significant arrows originating from age,
sex, APOE4 status, and cycle number are shown in gray,
the solid black arrows show the impact of the primary
predictors.

Age, Sex, Education/Occupation, and Vascular Health

Influence WM Microstructure. We first discuss the results
pertaining to the resilience and vascular pathways that
consist mainly of age, sex, education/occupation, and vas-
cular health mechanisms in the growth curve SEM in
Figure 3 (also summarized in Table 2). All these associa-
tions were significant at the p < 0.001 level. Older age was
associated with lower education/occupation (improving
education trends over decades), worse CMC, and lower
genu FA. Male sex was associated with higher education/
occupation, higher CMC, and higher genu FA. Lower
education/occupation was a significant predictor of higher
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FIGURE 1: (Top panel) Two-panel model showing the impact of worsening white matter microstructural changes as measured by
genu fractional anisotropy (FA) on future neurodegeneration. The values shown by the arrows indicating significance refer to the
estimate, standard error in parentheses, and p value. (Bottom panel) Plot of baseline genu FA versus thickness at first follow-up
after adjusting for baseline thickness.

CMC. Higher CMC was a significant predictor of lower Predictors of Amyloid Pathway. In the final model (see
genu FA. APOE4 status did not have significant effects on Fig 2), age and APOE4 status (p < 0.001) and female sex
the resilience and vascular pathways in this data. (p =0.045) were significant predictors of amyloid
|
. Systemic
;‘:2532;2{‘ — Vascular Genu FA
: Health..
Cycle
..................... II/ \\\‘
Male . /"
—
--------------------- Thickness ” 4 Y
Age —t )
\\\ ’/I
APOE4 & ™
..................... " /’

Amyloid

Cognition as an

outcome
FIGURE 2: Final model with significant associations at p < 0.05 shown by the arrows. Whereas arrows originating from age, sex,
APOE4 status, and cycle number are shown in gray, the solid black arrows show the impact of the primary predictors. The
amyloid pathway is shown by the red box, the resilience and vascular pathway are shown by the blue boxes, and the purple
boxes show the variables where the pathways converge. FA = fractional anisotropy.
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FIGURE 3: Resilience and vascular health pathways showing the impact of age, sex, education/occupation, and systemic vascular
health on white matter microstructure as measured by genu fractional anisotropy (FA). The values shown by the arrows
indicating significance refer to the estimate, standard error in parentheses, and p value.

deposition. Baseline amyloidosis did not have significant
associations with education/occupation, CMC, or genu
FA (resilience and vascular pathways discussed above).

Convergence of All Pathways on Neurodegeneration and
Cognitive Decline. The resilience, vascular, and amyloid
pathways converged through their effects on cortical thick-
ness and cognitive decline (see Fig 2) as described here.
With thickness as an outcome, the main predictors
were as follows. Older age (p <0.001) and male sex

(p = 0.033) were significant direct predictors of lower thick-
ness (see Fig 2 and Table 3). Genu FA and amyloidosis
directly impacted thickness, with the impact of 1 standard
deviation (SD) change in genu FA (estimate = 0.041, stan-
dard error [SE] = 0.005; p < 0.001) being greater than the
impact of 1 SD change in log (amyloid) (estimate = —0.022,
SE = 0.004; p <0.001) on thickness. APOE4 status indi-
rectly impacted thickness through its impact on amyloidosis
(p <0.001). Education/occupation (p = 0.011) and CMC
(p < 0.001) indirectly impacted thickness through genu FA.

Pathways (Shown in Fig 2)
Total Effect

Path Estimate (SE) ?

TABLE 2. Total, Direct, and Indirect Effects Seen on Components of the Resilience, Vascular, and Amyloid

Education/occupation, systemic vascular health, and genu FA as outcomes

Direct Effect Total Indirect Effect

Estimate (SE) ? Estimate (SE) ?

Age [decade] — education/
occupation

Male — education/occupation
Age [decade] — CMC

Male — CMC
Education/occupation — CMC
Age [decade] — genu FA

Male — genu FA

Education/occupation —
genu FA

CMC — genu FA

Amyloid as an outcome

Age [decade] — log [amyloid]
Male — log [amyloid]
APOE4 — log [amyloid]

—0.306 (0.074)

0.910 (0.143)
0.581 (0.040)
0.391 (0.076)
—0.055 (0.015)
—0.514 (0.028)
0.227 (0.053)
0.004 (0.002)

—0.078 (0.020)

0.443 (0.026)
—0.100 (0.050)
0.599 (0.055)

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.008

<0.001

<0.001
0.045

<0.001

—0.306 (0.074)  <0.001
0.910 (0.143)  <0.001
0.564 (0.040)  <0.001
0.441 (0.077)  <0.001

—0.055 (0.015)  <0.001

—0.469 (0.030)  <0.001
0.257 (0.053)  <0.001

—0.078 (0.020)  <0.001
0.443 (0.026)  <0.001

—0.100 (0.050)  0.045
0.599 (0.055)  <0.001

CMC = cardiovascular and metabolic conditions; FA = fractional anisotropy; SE = standard error.

0.017 (0.006)
—0.050 (0.016)
—0.045 (0.012)
~0.030 (0.010)

0.004 (0.002)

0.007

0.002

<0.001
0.002
0.008
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Path

Thickness as an outcome

Age [decade] — thickness

Male — thickness

APOE4 — thickness

Log [amyloid] — thickness
Education/occupation — thickness
Genu FA — thickness

CMC — thickness

Cognition as an outcome

Age [decade] — intercept
Male — intercept

APOF4 — intercept

Log [amyloid] — intercept
Cycle number — intercept
Education/occupation — intercept
Genu FA — intercept
CMC — intercept
Thickness — intercept
Age [decade] — linear
Male — linear

APOE4 — linear

Log [amyloid] — linear
Cycle number — linear
Education/occupation — linear
Genu FA — linear

CMC — linear

Thickness — linear

Age [decade] — quadratic
Male — quadratic
APOF4 — quadratic

Log [amyloid] — quadratic

—0.089 (0.004)
—0.017 (0.008)
—0.013 (0.003)
—0.022 (0.004)
<0.001 (<0.001)
0.041 (0.005)
—0.003 (0.001)

—0.630 (0.032)
—0.191 (0.051)
—0.086 (0.017)
—0.143 (0.025)
0.075 (0.015)
0.139 (0.009)
0.160 (0.028)
—0.012 (0.004)
0.726 (0.171)
—0.064 (0.006)
—0.001 (0.003)
—0.039 (0.010)
—0.033 (0.009)
-0.015 (0.003)
<0.001 (<0.001)
0.010 (0.002)
—0.001 (<0.001)
0.237 (0.030)
—0.002 (0.001)
<0.001 (<0.001)
—0.003 (0.001)
—0.004 (0.002)

P

<0.001

0.033
<0.001
<0.001

0.011
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
0.640
<0.001
<0.001
<0.001
0.016
<0.001
0.001
<0.001
0.018
0.125
0.020
0.017

TABLE 3. Total, Direct, and Indirect Effects Seen on Thickness and Cognition
Total Effect
Estimate (SE)

Direct Effect
Estimate (SE)

—0.058 (0.005)
—0.029 (0.008)

—0.022 (0.004)

0.041 (0.005)

—0.400 (0.034)
—0.347 (0.047)
—0.127 (0.025)
0.075 (0.015)
0.138 (0.009)
0.130 (0.029)
0.726 (0.171)
—0.030 (0.007)
—0.019 (0.010)
—0.028 (0.009)
—0.015 (0.003)

0.237 (0.030)

—0.004 (0.002)

CMC = cardiovascular and metabolic conditions; FA = fractional anisotropy; SE = standard error.

P

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001

0.049

0.001
<0.001

0.017

Total Indirect Effect
Estimate (SE)

—0.031 (0.003)
0.011 (0.003)
—0.013 (0.003)

<0.001 (<0.001)

—0.003 (0.001)

—0.230 (0.024)
0.155 (0.026)
—0.086 (0.017)
—0.016 (0.005)
0.001 (<0.001)
0.030 (0.008)
—0.012 (0.004)
—0.033 (0.005)
—0.001 (0.003)
—0.020 (0.005)
—0.005 (0.001)
<0.001 (<0.001)
0.010 (0.002)
—0.001 (<0.001)
~0.002 (0.001)
<0.001 (<0.001)
—0.003 (0.001)

<0.001
<0.001

<0.001

0.011

<0.001

<0.001
<0.001
<0.001

0.001

0.016
<0.001

0.001

<0.001

0.640
<0.001
<0.001

0.016
<0.001

0.001

0.018
0.125
0.020

With cognition as an outcome, the main predictors

were as follows. For intercept, older age, male sex, higher

amyloid, lower cycle number (which reflects practice
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effects), lower education/occupation, lower genu FA, and

lower thickness were direct predictors of lower baseline
cognition (p <0.001). Age (in decades; total effect
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estimate = —0.63, SE = 0.032) and thickness (total effect
estimate = 0.726, SE = 0.171) had the largest effects given
the scales used. For the linear component, older age
(direct estimate = —0.030, SE = 0.007; p <0.001),
APOE4 status (direct estimate = —0.019, SE = 0.010;
p =0.049), higher amyloid (direct estimate = —0.028,
SE = 0.009; p = 0.001), higher cycle number (direct esti-
mate = —0.015, SE = 0.003; p < 0.001), and lower thick-
ness (direct estimate = —0.237, SE = 0.030; p < 0.001)
were significant direct predictors of faster linear decline.
Lower thickness (total estimate = —0.237, SE = 0.030;
2 <0.001) had the largest effect given the scales used. For
the quadratic component, higher amyloid was the only
direct predictor of the quadratic component of cognition
(p = 0.017), with age and APOE4 having significant indi-
rect effects on the quadratic component of cognition
through amyloid.

Baseline Amyloidosis Associated with Accelerated Decline in
Cognition with Longer Follow-up. The primary predictors
from the resilience and vascular pathways were associated
with baseline cognition directly and also associated indi-
rectly with the linear component of cognitive decline
through cortical thickness. In contrast, amyloidosis had
both direct associations with all components of cognitive
decline (intercept, linear, and quadratic) and an indirect
impact on cognitive decline through thickness (intercept
and linear components). This stronger overall influence of
amyloidosis can be observed in Figure 4, which illustrates
the impact of baseline amyloidosis in a 75-year-old male
with APOE4 carrier status in our study, and with median
education/occupation score of 12.53. The low and high
levels of amyloid burden (low = 1.30 SUVR and
high = 1.71 SUVR) and genu FA (low = 0.55 and
high = 0.63) were defined by the 20th and 80th

0.5

-0.5 0.0

-1.0

Cognition

— Low Amyloid, High Genu FA hES
— = High Amyloid, High Genu FA S
—— Low Amyloid, Low Genu FA
— - High Amyloid, Low Genu FA

T T T T T
74 76 78 80 82

Age (years)
FIGURE 4: The cognition trajectories for a 75-year-old male
APOE4 carrier with mean education/occupation at high and
low levels of genu fractional anisotropy (FA) and amyloid
deposition defined by 20th and 80th percentiles.

-1.5
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percentiles. With shorter follow-up times, the effects of
genu FA and amyloidosis were similar and linear in
nature, but the quadratic effect of amyloidosis causes non-
linearity (acceleration) of the trajectories with longer
follow-up times.

Complex and Dynamic Process of Cognitive Aging. As indi-
viduals age, we would expect the values for amyloid, genu
FA, and cognition to change. A cross-sectional sample of
the MCSA should reveal different values for these variables
in different age decades reflecting the complex processes.
At ages 55, 65, 75, and 85 years, we sclected male or
female participants who were an APOE4 carrier or non-
carrier at the 20th (low) versus 80th (high) percentiles of
their age group depending on their characteristics, as
shown in the table in Figure 5. Then we compared the
predicted cognitive trajectories of the best profile (high
education/occupation, low amyloid, high genu FA),
shown by the blue curves, with the worst profile (low edu-
cation/occupation, high amyloid, low genu FA), shown by
the red curves, for that specific age decade. These compar-
isons as shown in Figure 5 illustrate the complex process
of cognitive aging. There is also noted nonlinearity due to
practice effects in the 50-60 individuals. This effect is
attenuated in older age individuals, because they have sig-
nificantly greater neurodegeneration, which contributes to

. 2
lesser extent of practice effects. 7

Discussion

Cognitive aging is a multifactorial process. Individual vari-
ability in longitudinal cognitive trajectories can be
approached through development of integrated models
that consider key mechanisms and pathways that influence
cognitive aging. The question of how these key pathways
in the population—amyloid, resilience, and vascular—
influence cognitive aging is critical for comprehending this
complex process. Using latent growth curve SEMs, we
observed some causal pathways and mapped the course of
the cognitive trajectories with age as a function of these
pathways. Laying down the theoretical framework for the
dynamic and complex process of cognitive aging is impor-

tant for the development of successful interventions.

Resilience and Vascular Pathways: Age, Sex,
Intellectual Enrichment, Systemic Vascular
Health, and WM Degradation

A primary mechanism through which resilience can help
delay the onset of cognitive impairment is higher brain
reserve or greater neurobiological capitaLl,H’28 which could
be due to developmental differences, less age-related dam-
age, sex differences, higher education, or better cere-
brovascular health. Here, we found that better WM
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50-59 60-69 70-79 80-89
Education/Occupation Low 11.12 11.08 9.71 9.71
High 14.63 1532 15.28 15:32
Amyloid (SUVR) Low 1.22 1427 1.30 1.31
High 1.32 1.42 1.71 2.02
Genu FA Low 0.60 0.59 0.55 0.52
High 0.66 0.65 0.63 0.60

FIGURE 5: Complex process of cognitive aging. Red curves show worse values for all predictors (low education/occupation, high
amyloid burden, low genu fractional anisotropy [FA]), and blue curves show the better values for all predictors (high education/
occupation, low amyloid burden, high genu FA). Plots are shown for males versus females as well as APOE4 carriers versus APOE4
noncarriers. SUVR = standardized uptake value ratio. [Correction added on 25 October 2019, after first online publication: There was
an error in the table portion at the bottom of Figure 5. The age range in the 3rd column has been changed from 60-60 to 60-69.]

microstructural integrity (greater brain reserve) was associ-
ated with being younger, male sex, higher education/occu-
pation, and better systemic vascular health. Thus, both
elements of the construct of resilience and of cerebrovas-
cular disease were relevant to WM structural integrity.

As expected, age was associated with systemic brain
health decline, all brain changes, and cognitive decline.
Residual age effects in our model probably reflect mecha-
nisms that are not captured by the ones we included. We
also observed a significant impact of sex on the primary
predictors. Sex differences in education/occupation are
attributable to distinct gender roles in the past.”” Sex dif-
ferences in systemic vascular health have been well docu-
mented, with greater vascular risk factors in males,
especially before 80 years of age.”® WM integrity using
FA is greater in males.”"** The significant sexual dimor-
phism in brain structure and organization has been
suggested to be related to certain tasks® and explains the
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sex differences in brain reserve and cognitive performance
we observed between males and females. APOE4 status
had minimal impact on the vascular and resilience path-
ways in these data. This is consistent with the finding
that APOE4 impacts cognition primarily through an
effect on AD pathophysiology and not cerebrovascular
pathology.>*>

An important result in the context of education/
occupation was the association between higher education/
occupation and greater genu FA that was explained
through better systemic vascular health. Our results high-
light that the resilience pathway from education/occupa-
tion to genu FA through systemic vascular health and the
impact of genu FA on cognition directly and indirectly
through cortical thickness contribute to greater “brain
reserve” and thus explain reduced risk of dementia
through higher education/occupation. In contrast to the
brain reserve mechanism, the pathway from education/
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occupation that goes directly to cognition can be termed
as the cognitive reserve or resilience mechanism,”?®
because here education/occupation as a proxy explains
why individuals at the different levels of amyloid pathol-
ogy could have the same level of cognition due to differ-
ences in education/occupation scores (which is not
explained by differences in brain structure). Surprisingly,
there were no direct effects of education/occupation on
the cortical thickness measure, because thickness may
not be a good proxy for synaptic health, unlike
fluorodeoxyglucose PET (where the literature has been
more consistent).

This is the first study to our knowledge that estab-
lishes that resilience and vascular pathways drive degrada-
tion of WM microstructure, which then contributes to
greater shrinkage of GM regions implicated in AD*® and
aging,”” as demonstrated by the 2-panel SEM. Figure 1
helps establish the crux of this argument using longitudi-
nal data. This plays an important role in understanding
the mechanisms through which resilience and vascular
pathways influence cognitive decline. Although the dis-
connection of the brain due to WM degradation contrib-
uting to cognition has been discussed in the literature,”®
the study of its impact through brain shrinkage clarifies
the mechanisms through which brain changes influence
cognitive trajectories.

Although there are suggested hypotheses regarding
pathways®® (eg, blood—brain barrier dysfunction, cerebral
blood flow changes) through which systemic vascular
health may be causal to amyloid deposition, the pathology
and imaging literature provides evidence for cerebrovascu-
lar injury in the absence of amyloid and tau accumulation
and the impact of certain risk factors (eg, diabetes) on
cerebrovascular injury but not on amyloid accumula-
tion.***! These ideas support the hypothesis that there
exists a substantial amyloid independent effect of vascular
health on brain and cognitive aging that we observed in
the context of cognitive aging.

Amyloidosis and Cognitive Decline
Age and APOE4 have been repeatedly shown to be the
chief risk factors for amyloidosis.*? Sex differences in amy-
loid deposition have been inconsistent in the literature.
Here, we found that females had slightly greater amyloid
(p = 0.045) in comparison to males, which is consistent
with the borderline findings in a large postmortem
study.” Our group and others have shown that amyloid
burden at baseline was associated with greater rate of cog-
nitive decline and increased risk of dementia.>>%4~%

The growth curve modeling approach allowed us to
observe 2 phenomena with respect to the amyloid path-
way and cognitive decline. First, the impact of amyloid

December 2019

Vemuri et al: Cognitive Aging

was significant on the quadratic component of decline,
suggesting that baseline amyloid burden predicted acceler-
ated decline (see Fig 4). A longer follow-up allowed us to
observe the accelerated worsening of cognition as a func-
tion of baseline amyloidosis. This emphasizes that amy-
loidosis is an early event in the cascade of AD events and
that associations of amyloid with cognition become
increasingly more pronounced with time. Second, in line
with our previous work,”® we found that amyloid eleva-
tions are associated with cognitive decline and the associa-
tion of amyloid with cognition was not completely
mediated through the cortical thickness measure. Other
work of ours® suggests that even if tau PET were in our
model, amyloidosis would still show an association with
cognition. All these results suggest that (1) amyloid may
be a proxy measure for other neurodegenerative processes
not captured by thickness or by tau that are proximate to
cognition; or (2) cortical thickness is an imperfect proxy
measure for the neurodegenerative substrate of cognition,
which is loss of function in synaptic connections. It is also
possible that amyloid PET is likewise an imperfect mea-
sure of the toxic substrate of brain amyloidosis. Further-
more, we observed that the impact of amyloidosis at a
given age was significantly worse, especially on the rate of
cognitive decline (see Fig 4).

Convergence of Pathways

AD and cerebrovascular disease, the two main pathological
changes, have differential impact on brain health early in
the disease process. AD (plaques and tangles) has primarily
been shown to trigger tau-mediated neuronal death, alter-
ing GM structure. In contrast, cerebrovascular disease,
specifically small vessel disease, has a predilection for
WM. In this work, we found that the resilience, cerebro-
vascular, and AD pathways all converged on cortical thick-
ness and cognitive decline. The amyloid pathway
primarily acts through neuronal loss or GM degradation,
whereas the resilience and vascular pathways measured
through age, education/occupation, and systemic vascular
health primarily act through WM degradation, which then
causally impacts GM structural changes.

The clarification of the mechanisms and their con-
vergence on brain aging and longitudinal cognitive trajec-
tories has broad implications. First, it will contribute to
improved designs of prevention trials for cognitive impair-
ment. Figure 5 illustrates that multidomain trials targeting
multiple important factors that are causal to brain and
cognitive aging are needed to be able to age well along the
blue curves versus the red curves that represents poor dis-
ease and health predictors. Second, cognitive aging is
driven by aging at one end, and at the other end we
observe a net sum of the effects of all mechanistic
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pathways that converge on downstream neurodegeneration
and cognition. Therefore, the associations we observe
between age, cortical thickness, or cognition and the first
pathway as well as age, cortical thickness, or cognition and
the second pathway might manifest as artificial associa-
tions between the two pathways. Caution is warranted
about interpreting interactions between pathways due to
sample characteristics. Finally, having a direct biological
measure of age-specific brain health and cerebrovascular

health through WM integrity is helpful.

Strengths and Limitations

A key strength is the availability of the rich data resource
of MCSA, with key measures of health and disease for
studying cognitive aging. We also integrated series of tools
that our group has developed over the years. A major
weakness is that we took a modeling approach that consid-
ered only a selected number of variables that were global
in nature. However, the global approach helped us sim-
plify and model a complex problem. Another weakness is
that important brain pathologies affecting cognition exist
in the aging population but for which no biomarkers exist
at this time, including alpha synuclein, TDP43, and
microinfarctions. Thus, the significant impact of age seen
on both cognitive decline and neurodegeneration that was
not mediated through the resilience, vascular, and amyloid
pathways could be due to the unmeasured causes of brain
and cognitive aging. Ideally, we would prefer 3 or more
waves for the longitudinal panel data analysis. Unfortu-
nately, the length of follow-up available at this time
restricted the analysis to 2 waves with an adequate sample
size. The longitudinal panel analysis could also be subject
to regression to the mean, although we did not see evi-
dence of this in plots for genu FA or thickness.
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