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Abstract

We examined if baseline level of cognitive reserve (CR) and of Alzheimer’s disease (AD)
biomarkers modify the rate of change in cognition among individuals with normal cognition at
baseline (n=303, mean baseline age = 57 years, mean follow-up = 12 years); 66 participants
subsequently developed Mild Cognitive Impairment (MCI) or dementia due to AD. CR was
indexed by years of education, reading, and vocabulary measures. AD biomarkers were measured
with a composite score composed of measures of amyloid, phosphorylated tau and
neurodegeneration. Higher CR scores were associated with better cognitive performance, but did
not modify the rate of change in cognition among those who remained cognitively normal, nor
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among those who progressed to MCI prior to symptom onset, independent of baseline biomarker
levels. However, higher CR scores were associated with faster cognitive decline after symptom
onset of MCI. These results suggest that the mechanism by which CR mediates the relationship
between pathology and cognitive function is by delaying the onset of symptoms rather than
reducing the rate of cognitive decline.

Keywords

Cognitive reserve; preclinical Alzheimer’s disease; biomarkers; cognitive change; longitudinal

1. Introduction

It is now recognized that Alzheimer’s disease (AD) pathology begins to accumulate in the
brain many years prior to the onset of Mild Cognitive Impairment (MCI), when individuals
are still cognitively normal (Sperling et al., 2011). It is therefore of considerable clinical
importance to identify factors that may delay progression from normal cognition to MCI.
One potential factor is cognitive reserve (CR). Despite a number of previous studies,
however, it remains unclear if CR modifies cognitive trajectories during this ‘preclinical
phase’ of AD.

CR is a theoretical concept that proposes that greater lifetime engagement in cognitively
stimulating activities modifies the brain in such a way that the negative effects of brain
pathology on cognition are reduced (Stern, 2009). Supporting the concept of CR, many
studies have reported a reduced risk of dementia among individuals with higher educational
or occupational attainment (e.g., Stern et al., 1994) and greater engagement in cognitive
leisure activities (e.g., Scarmeas et al., 2001; Wilson et al., 2002); for a meta-analysis, see
Sachdev & Valenzuela (2006a).

Despite the evidence for the beneficial effects of CR on onset of dementia, previous studies
have generated inconsistent findings with respect to rates of cognitive change over time.
Some studies have reported that a higher level of CR is associated with a reduced rate of
cognitive decline (e.g., Pool et al., 2016; Yaffe et al., 2011; Zahodne et al., 2015), while
others have reported only baseline differences in cognition by CR level, but no difference in
the rate of cognitive change (e.g., Karlamangla et a/., 2009; Piccinin et al., 2013; Wilson et
al., 2009; Zahodne et al., 2011); still others have found greater decline among individuals
with higher CR for some cognitive measures but not all (Glymour et a/., 2012; Gottesman et
al., 2014; Proust-Lima et a/., 2008; Singh-Manoux et a., 2011).

There are several possible explanations for these discrepancies. For example, many long-
term longitudinal studies on this subject have likely included a range of hon-demented
individuals, with little or no screening for cognitive impairment at baseline, potentially
resulting in a mixture of cognitively normal and MCI participants (e.g., Amieva et a/., 2014;
Muniz-Terrera et al., 2009; Pool et al., 2016; Sperling et al., 2011; Yaffe et al., 2011,
Zahodne et al., 2015). If the relationship between CR and longitudinal cognitive
performance differs by degree of cognitive impairment, studies with different proportions of
cognitively normal and MCI participants may produce different results. It is also possible
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that participants who are cognitively normal when first examined differ in levels of
underlying brain pathology, and these differences are responsible for differing rates of
cognitive decline over time. Only one study, to our knowledge, has addressed this issue, but
the follow-up was relatively short (mean follow-up 2.7 years, Vemuri et al., 2015).

The goal of the current study, therefore, was to examine the association between baseline
level of CR, baseline biomarker levels of Alzheimer disease, and the long-term cognitive
trajectories of 303 middle-aged and older individuals who were cognitively normal at
baseline and have been followed for up to 20 years. The long follow-up period of the current
study allowed us to examine additional issues not previously addressed. First, we tested if
the relationship between CR and cognitive trajectories differed for individuals who were
initially cognitively normal but subsequently developed MCI, compared to individuals who
remained cognitively normal. Second, we tested whether baseline level of CR differentially
modifies the cognitive trajectories prior to and after the emergence of the initial symptoms of
MCI. This issue addresses an important theoretical prediction made by Stern’s (2009)
hypothetical model of CR, which predicts that individuals with high levels of CR perform
better on cognitive tests than individuals with low CR prior to the onset of cognitive
impairment, but show a faster rate of cognitive decline after the onset of cognitive
impairment because they tend to harbor more pathology. Lastly, we assessed whether the
relationship between CR and cognitive change differed when accounting for individual
differences in baseline AD biomarkers using a composite score that combines measures
previously shown to predict progression from normal cognition to onset of symptoms of
MCI in the same cohort; this biomarker composite contains elements of each of the three
major biomarker categories in use in the field: amyloid accumulation, phosphorylated tau
and neuronal injury (Jack et al., 2016).

2. Materials and Methods

2.1. Study Design

The present study reports on data from the BIOCARD study, which was initiated at the
National Institutes of Health (NIH) in 1995. The overarching goal of the study was to
identify variables among cognitively normal individuals that could predict the subsequent
development of mild to moderate symptoms of AD. By design, approximately 75% of the
participants had a first degree relative with a history of dementia of the Alzheimer type. The
study was stopped in 2005 for administrative reasons and re-established at Johns Hopkins
University (JHU) in 2009. While the study was at the NIH, participants were administered a
comprehensive neuropsychological battery annually. MRI scans, CSF, and blood specimens
were obtained approximately every two years. Since the study has been at JHU, participants
have received annual clinical and cognitive assessments and provided blood specimens. In
2015, the biannual collection of MRI and CSF biomarkers was reinitiated, and amyloid
imaging was begun. See Figure 1 for a timeline of the study. The JHU Institutional Review
Board approved this study.
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2.2. Selection of Participants

Participants were recruited by the staff of the geriatric psychiatry branch of the intramural
program of the National Institute of Mental Health. A total of 349 participants were enrolled
over time, beginning in 1995 and ending in 2005 and provided written informed consent. At
baseline, all participants completed a comprehensive evaluation, consisting of a physical and
neurological examination, an electrocardiogram, standard laboratory studies, and detailed
neuropsychological testing. Individuals were excluded from participation if they were
cognitively impaired, as determined by cognitive testing, or had significant medical
problems such as severe cerebrovascular disease, epilepsy, or alcohol or drug abuse. See
Supplementary Materials 1 for details regarding the selection of participants. MRI scans
were obtained from 325 participants and CSF samples were from 307 participants via
lumbar puncture.

Participants were excluded from analysis for the following reasons: 31 had not yet re-
enrolled in the study or had withdrawn; 12 had an estimated age of onset of symptoms of
MCI at or prior to their baseline visit; 3 had missing CR composite scores. Thus, analyses
involving clinical and cognitive data are based on 303 individuals. Analyses involving the
biomarker composite score are based on 171 individuals who provided both CSF and MRI
data within 12 months of their baseline cognitive evaluation.

2.3. Clinical and Cognitive Assessments

Since the study was re-established at JHU, annual visits have included neuropsychological
testing and a clinical evaluation consisting of a physical and neurological examination,
record of medication use, behavioral and mood assessments, family history of dementia,
history of symptom onset, and a Clinical Dementia Rating (CDR) with the participant and a
collateral source (Hughes et al.,, 1982; Morris, 1993). The cognitive and clinical assessments
at the NIH covered similar domains (for details, see Albert ef al., 2014). Each participant
included in our analyses received a consensus diagnosis by the staff of the JHU BIOCARD
Clinical Core, prospectively starting in 2009 and retrospectively for the NIH visits. The
diagnostic criteria followed the recommendations incorporated in the National Institute on
Aging and the Alzheimer’s Association working group reports for the diagnosis of MCI
(Albert et al.,, 2011) and dementia due to AD (McKhann et al., 2011). Details regarding the
diagnostic process can be found in the Supplementary Materials 2. If a participant was
impaired, the likely etiology of the impairment was identified and the age at which the
clinical symptoms began was estimated, based primarily on the reports of the participant and
collateral source derived from the CDR.

The main outcome variable was an a priori—derived cognitive composite score based on 4
measures that were identified previously to be the best combination of cognitive predictors
of the time to progress from normal cognition to clinical symptom onset of MCI (Albert et
al., 2014) in this cohort. These measures were (1) Paired Associates immediate recall of the
Wechsler Memory Scale-Revised (Wechsler, 1987), (2) Logical Memory delayed recall
(Story A) of the Wechsler Memory Scale-Revised, (3) Boston Naming (Kaplan et a/., 1983),
and (4) Digit-Symbol Substitution from the Wechsler Adult Intelligence Scale—Revised
(WAIS-R, Wechsler, 1981). These measures were administered at the NIH and are part of
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the annual battery at JHU. To calculate the cognitive composite score, the individual
measures were transformed to z-scores and then averaged, with the requirement that at least
two of the four scores were present at a given visit. If more than two scores were missing for
a given visit, the cognitive composite score was set to missing for that visit.

2.4. Cognitive Reserve Composite Score

Baseline CR was operationalized by a composite score based on three measures thought to
reflect lifetime cognitive experiences: 1) baseline scores from the National Adult Reading
Test (NART; H. E. Nelson, 1982); 2) baseline scores on the vocabulary subtest of the WAIS-
R (Wechsler, 1981); and 3) years of education. These measures were z-scored and then
averaged. As reported by Soldan ef a/. (2013), the individual measures were strongly
correlated and loaded on a single factor in factor analysis. Composite scores such as these
may be more sensitive proxies of CR than years of education alone (Manly et a/., 2005;
Pettigrew et al., 2013).

2.5. APOE Genetic Analysis

APOE e4 genetic status, the main genetic risk factor for AD (Corder et al., 1993), was
established in all but one of the participants (7=348). APOE alleles were determined by
restriction endonuclease digestion of polymerase chain reaction amplified genomic DNA
(performed by Athena Diagnostics, Worcester, MA). We coded APOE &4 carrier status as 1
if an individual had at least one 4 allele and as 0 otherwise. Eight individuals with one
APOE &4 and one APOE &2 allele were excluded from analyses involving APOE &4 status,
since the APOE &4 allele increases dementia risk (Corder et al., 1993), whereas the APOE
e2 allele reduces dementia risk (Corder et al., 1994).

2.5. Biomarker Composite Score

A biomarker composite score was developed to estimate the severity of the underlying
pathophysiological processes associated with the development of MCI due to AD. It was
composed of five measures, each of which has been shown to be associated with the time to
progress from normal cognition to onset of symptoms of MCI in this cohort and, as noted
above, also reflect the major biomarker categories in use in the field: AB1_4» and p-tau as
measured in CSF (Moghekar et al., 2013), the volume of the right hippocampus and
thickness of the right entorhinal cortex (Soldan et a/., 2015), and mean thickness of seven
cortical regions vulnerable to AD-related atrophy (Pettigrew et al., 2016). A brief description
of each of these measures is provided below, with further details in the Supplementary
Materials section. To create the composite score, the measures were converted to z-scores
and then averaged. Prior to averaging, all z-scores, except those for p-tau were multiplied by
-1 so that more positive biomarker composite scores indicate more pathology.

2.6. Cerebrospinal Fluid Assessments

The CSF samples were analyzed with the same protocol used in the Alzheimer Disease
Neuroimaging Initiative. This protocol used a kit (xMAP-based AlzBio3; Innogenetics) run
on a suspension array system (Bio-Plex 200; Bio-Rad). Details about the CSF assay are
described in Supplementary Materials 3; additional details have been published elsewhere
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(Moghekar et al. (2012). For participants included in the current analysis, the mean time
between the baseline cognitive assessment and CSF draw was 8.2 days (SD = 35.9, range =
0 to 363).

2.7. MRI Assessments and Regional Brain Reconstructions

Baseline MRI scans were acquired at the NIH on a GE 1.5T scanner using a standard multi-
modal protocol. The baseline MRI measures that were used as part of the biomarker
composite score were reconstructed from coronal SPGR (Spoiled Gradient Echo) scans (TR
=24, TE =2, FOV = 256 x 256, thickness/gap = 2.0/0.0 mm, flip angle = 20, 124 slices).
For participants included in the current analysis, the mean time between the baseline MRI
scan and the baseline cognitive assessment was 8.6 days (SD = 40.4, range = 0 to 362).

The volume of the hippocampus and the thickness of the entorhinal cortex were obtained
with a semi-automated method, based on large deformation diffeomorphic metric mapping
(LDDMM) techniques (Miller et al., 2013). Hippocampal volume was normalized for head
size by regressing it on total intracranial volume, and the standardized residual was used for
further analyses. The mean cortical thickness measure of AD-vulnerable regions reflects the
average of seven cortical regions, obtained using FreeSurfer 5.1 (http://
surfer.nmr.mgh.harvard.edu/): inferior parietal cortex, superior parietal cortex, precuneus,
inferior temporal cortex, middle temporal gyrus, temporal pole, and posterior cingulate
cortex. Additional details concerning the MRI methods can be found in Supplementary
Materials 4.

2.8. Statistical Analysis

Group differences in demographic variables at baseline were assessed by t-test or Wilcoxon
rank sum test for continuous variables, as appropriate, or chi-square tests for dichotomous
variables.

2.8.1. Cross-sectional analyses of baseline cognitive reserve, cognition, and
biomarker composite score—Linear regressions were performed to test if the baseline
biomarker composite score was associated with 1) the baseline cognitive composite score, 2)
the baseline CR composite score, or 3) last follow-up diagnosis. Model 1 included the
baseline cognitive composite score as the dependent variable, and the biomarker composite
score, age, gender, diagnosis at last follow-up visit, and the diagnosis by biomarker
interaction (i.e., cross-product) as independent variables. Follow-up diagnosis was coded
dichotomously based on the diagnosis at the last follow-up visit (e.g., remained cognitively
normal vs. progressed to MCI or dementia). Participants with a diagnosis of Impaired not
MCI at last follow-up (n = 37) were included in the group of cognitively normal participants,
but results were comparable when these participants were excluded from analysis. Model 2
used the baseline CR composite score as the dependent variable and included the same
predictors as Model 1. Model 3 tested if individuals who progressed to MCI had higher
baseline biomarker composite scores than the group who remained cognitively normal,
covarying age, gender, and the CR composite score.
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2.8.2. Cognitive reserve and longitudinal change in cognition: Relationship to
follow-up diagnosis—To test if baseline level of CR influences the cognitive trajectories
over time, we used general mixed regression models with linear effects of time and a random
intercept and slope for each participant. In this type model, the intercept represents the
estimated baseline cognitive score, the main effect of time represents the linear slope (i.e.,
rate of change) of the cognitive score over time, and the baseline cognitive score is not
entered as a separate variable. The outcome variable was the cognitive composite score
(including baseline and all follow-up scores); the predictors were baseline age, gender, CR
composite score, last diagnosis, time, the interactions between each predictor and time
(excluding the gender x time interaction, which was not significant in any model), and the
interaction of CR composite score x last diagnosis x time. To determine if APOE &4 status
influences longitudinal cognitive performance, the model was re-run including the APOE &4
indicator and its interaction with time as additional predictors.

Follow-up mixed effects models were run, separately by follow-up diagnostic status (normal
vs. progressed). For participants who progressed to MCI, two additional models were run,
including (1) only scores obtained prior to symptom onset of MCI and (2) only scores
obtained after the onset of symptoms. Both models had the following predictors: baseline
CR composite score, age, gender, time, and the age x time and CR x time interaction terms.

2.8.3. Cognitive reserve and longitudinal change in cognition: Relationship to
baseline biomarker composite score—Linear mixed effects analysis was also used to
examine whether baseline biomarker composite scores modified the association between
baseline CR scores and cognitive change. This model was identical to the model including
the diagnosis indicator variable (see above), except that the biomarker composite score was
used instead of the diagnosis indicator.

Table 1 shows baseline characteristics of the entire BIOCARD cohort as well as of
individuals included in the analyses. Baseline characteristics for participants who remained
cognitively normal and for those who progressed to MCI on follow-up are shown in Table 2.
For the 66 who have progressed, the mean time from baseline to onset of symptoms of MCI
was 7.1 years. Individuals who progressed to MCI were significantly older at baseline
[£5.0, p<0.0001], scored lower on all cognitive tests at baseline [all p<0.05], had lower CR
composite scores [t=3.8, p=0.0003], and had higher biomarker composite scores [£3.2,
£=0.002].

3.1. Cross-sectional associations at baseline

For both Models 1 and 2, there was no interaction between the biomarker composite score
and follow-up diagnosis [both p> 0.8], thus both models were rerun without these
interaction terms. The results showed that at baseline, the biomarker composite score was
not associated with either the cognitive composite score [Model 1, B (SE) =-0.10 (0.11),
£=0.28] or the CR composite score [Model 2, B (SE) = -0.04 (0.11), p=0.72]. However, for
both models there was a main effect of follow-up diagnosis, indicating that individuals who
progressed to MCI at follow-up had lower baseline cognitive scores [Model 1, § (SE) =
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-0.45 (0.11), p<0.0001] and lower baseline CR scores [Model 2, § (SE) = —0.54 (0.15),
p=0.0003]. In addition, older age was associated with lower cognitive composite scores at
baseline [Model 1, p (SE) = —0.01 (0.004), p=0.03] and higher CR scores [Model 2, B (SE)
=0.02 (0.006), p=0.0003]. Model 3 showed that the group who progressed to MCI had
higher biomarker composite scores at baseline than the group who remained normal [B (SE)
=0.37 (0.10), p=0.0003].

3.2. Cognitive reserve, rate of change in cognition, and relationship to follow-up diagnosis

The results of the model testing the association between the baseline CR composite score
and longitudinal cognitive trajectories are summarized in Table 3. The most important
finding was the three-way interaction between the baseline CR score, follow-up diagnosis,
and time [p=0.0016], indicating that the relationship between the CR score and cognitive
change over time differs for individuals who remain cognitively normal compared to
individuals who developed MCI or dementia at follow-up.

As shown in Figure 2, participants who remained cognitively normal showed improvements
in cognitive performance and the degree of improvement did not differ for high and low CR
individuals. In contrast, among individuals who became cognitively impaired (i.e., those in
the preclinical phase when first evaluated), cognitive performance declined over time and the
rate of decline was greater among those with higher baseline CR composite scores. The
main effect of age and the age by time interaction were also significant [p<0.0001],
signifying lower cognitive performance and less improvement in performance over time with
increasing age. Lastly, there was a main effect of CR [p<0.0001], signifying higher mean
cognitive performance with increasing CR. The results were unchanged when APOE ¢4
status and its interaction with time were added to the model, and neither APOE &4 status nor
its interaction with time was significant [both £>0.3].

Of note, when the diagnosis variable and its interactions with time and CR were removed
from the model, the interaction between CR and time was not significant [p=0.29, see
Supplementary Materials 5], underscoring the importance of taking into account follow-up
diagnosis when evaluating CR-cognition relationships.

3.2.1. Follow-up models in individuals who developed MCI or dementia—
Among those who progressed, higher CR was associated with higher baseline cognitive
scores and a faster rate of cognitive decline (p=0.0046), see Supplementary Materials 6 for
full model results. The analysis including scores obtained prior to the onset of symptoms
associated with MCI revealed a main effect of CR [B (SE) = 0.27 (0.08), p=0.0006] but no
CR by time interaction [ (SE) = 0.017 (0.08), p=0.27]. By comparison, the analysis
including only scores obtained afferthe onset of symptoms of MCI showed both a main
effect of CR [B (SE) = 0.69 (0.23), p=0.0044] and a CR x time interaction [ (SE) = —0.06
(0.02), p=0.0032]. This suggests a greater rate of cognitive decline among individuals with
higher levels of CR after the onset of symptoms, but not before. A follow-up linear
regression analysis furthermore showed that higher baseline CR scores were strongly
associated with an older age of symptom onset [co-varying gender, £4.29, p<0.0001].
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3.2.2. Follow-up models in individuals who remained cognitively normal—
Among individuals who remained cognitively normal over time, higher CR was associated
with higher levels of cognitive performance (p<0.0001), but not with the rate of change in
cognition (p=0.51), see Supplementary Materials 6 for full model results. In a post-hoc
analysis, we also explored whether baseline CR modifies the age-related decline in the
improvement in performance over time (presumed to be a practice effect). The interaction
between CR, age, and time was not significant [ (SE)=—0.0004 (0.0004), p=0.28]
suggesting that CR does not modify the age-related decrease in the practice effect among
those who remain cognitively normal.

3.4. Cognitive reserve, rate of change in cognition and relationship to baseline biomarker
composite scores

The results from the analysis examining whether baseline biomarker levels modify the
association between CR and cognitive change are summarized in Table 4 (both full and
reduced model excluding non-significant interaction terms). Both the main effects of CR and
the biomarker composite score were significant, indicating better cognitive performance
among individuals with higher CR scores and lower biomarker levels at baseline (Figure 2).
The three-way interaction between CR, biomarker composite score and time was not
significant (p=0.11), suggesting that baseline biomarker levels do not modify the association
between CR and cognitive change. The CR score x biomarker score x time interaction was
also not significant when the model was run separately among progressors and those who
remained cognitively normal (both p>0.18, see Supplementary Materials 7 for full model
results), but this may reflect the reduced sample size, particularly for progressors (N=34).
Separate analyses including scores only before or after symptom onset for progressors are
presented in Supplementary Materials 8.

4. Discussion

This study investigated the relationship between level of CR, long-term diagnostic
outcomes, a composite score composed of measures related to the underlying pathological
processes associated with AD and long-term cognitive trajectories among middle-aged and
older individuals with normal cognition at baseline. The main finding was that the
relationship between level of CR and longitudinal change in cognition differs as a function
of diagnostic outcome. Among individuals, who remained cognitively normal (who also had
lower biomarker composite scores), higher levels of CR were associated with better
cognitive performance, but CR had no impact on the rate of change in cognition. By
comparison, among individuals who progressed to MCI and had higher biomarker scores at
baseline, a higher level of CR was associated with higher baseline cognitive performance
prior to the onset of clinical symptoms, and a faster rate of cognitive decline after the onset
of symptoms of MCI.

As discussed in the introduction, prior studies have produced inconsistent results regarding
the relationship between CR and the rate of change in cognition among middle aged and
older adults. The current study suggests that this discrepancy can be attributed, at least in
part, to differences in the proportion of individuals in each cohort who progress to MCI or
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dementia. For example, our results suggest that in studies of individuals with normal
cognition at baseline, higher CR is more likely to be associated with greater cognitive
decline (or less practice-related improvement) if the proportion of individuals who progress
to MCI over the follow-up time is high. By comparison, within a group where few
individuals develop clinical symptoms over time, a null association between CR and the rate
of change in cognition is more likely to be found. Moreover, lower CR is more likely to be
associated with greater cognitive decline over time when studies enroll individuals with a
mixed diagnostic status (e.g., cognitively normal and MCI participants) and do not take this
baseline clinical status into account. This is because individuals with MCI are more likely to
harbor greater AD related and other pathology, to show cognitive decline over time and to
have lower CR relative to age-matched cognitively normal individuals. Consequently, in
studies with a mix of cognitively normal and MCI participants at baseline, the effects of CR
on baseline cognition and change in cognitive performance may be confounded with the
effects of differences in baseline diagnosis (normal vs. MCI) as well as level of underlying
pathology. Additionally, as reviewed by Zahodne et al. (2011, 2015), many older studies
reporting reduced rates of cognitive decline for individuals with higher CR had
methodological limitations that biased them in favor of finding associations between higher
CR and reduced cognitive decline (including many studies included in an earlier meta-
analysis by Valenzuela & Sachdev (2016b)). Inconsistencies in prior findings may also be
attributable to differences in educational attainment across cohorts (Zahodne, et al., 2015) as
well as to differences in measures of CR and cognitive outcome variables, as may be the
case if different cognitive and brain processes are differentially sensitive to different
components of CR.

In a series of prior investigations, we reported associations between higher CR and a reduced
risk of progressing from normal cognition to MCI, even after accounting for levels of
individual AD biomarkers at baseline (Pettigrew et al., 2016; Soldan et a/., 2013; Soldan et
al., 2015). The current results suggest that this reduction in risk of progression is not due to a
direct effect of CR on the rate of cognitive decline prior to symptom onset (as reflected by
the absence of a CR x time interaction), but rather a delay in the onset of symptoms and a
corresponding delay in the onset of cognitive decline, in the presence of underlying
pathology. This interpretation derives from the observation that older age of symptom onset
was strongly associated with higher baseline CR scores. Specifically, individuals with CR
scores above the median had a mean age of symptom onset that was approximately 7 years
later than for those with CR scores below the median of the group, despite similar pathology
levels at baseline. As illustrated in Supplementary Materials 9, we hypothesize that
individuals with higher CR remain asymptomatic for a longer period of time and maintain
their cognitive performance for a longer duration, while individuals with lower CR become
symptomatic earlier and begin to show cognitive decline when they are younger.

The results of the current study provide support for the predictions of Stern’s (2009)
hypothetical model of CR: among individuals with similar biomarker levels at baseline,
higher CR is associated with a) better cognitive performance prior to the onset of symptoms,
b) a later age of onset of cognitive decline, and c) a faster rate of decline after the onset of
clinical symptoms. To our knowledge, the current study provides the first direct empirical
support for these components of the model. The Stern model further hypothesizes that the
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more rapid cognitive decline among high CR individuals reflects the presence of greater
levels of pathology at the time of symptom onset. In the current study, biomarker measures
of pathology were not available for the time that coincides with the onset of symptoms for
most individuals; therefore, this aspect of the model cannot be tested with the current data.
However, cross-sectional studies of individuals with MCI or dementia have reported that,
when equating patients for clinical severity, those with higher CR tend to harbor more
pathology (e.g., Roe et al., 2008; Vemuri et al., 2011), as predicted by the model.

The present results also suggest that the levels of pathology present in this cognitively
normal sample have little impact on the association between CR and cognitive change. Of
note, it is difficult to compare the present findings to studies that have primarily focused on
the impact of amyloid on cognition, since the biomarker composite used here combined
multiple measures of AD-related pathology together. Future studies are needed to test if
biomarker levels at the time of symptom onset modify the relationship between CR and
subsequent cognitive change, as Stern’s model would predict.

Related to the Stern model, a number of previous studies of individuals with dementia have
reported greater rates of cognitive decline (e.g., Roselli et al., 2009; Scarmeas et al., 2006;
Stern et al., 1999) or functional decline (de Oliveira et al., 2015) among those with more
education compared to those with low levels of education. Our study supports and extends
these findings by suggesting that this acceleration in cognitive decline is present not only in
the dementia phase of AD, but may begin in the early symptomatic phase.

In addition to informing theoretical models of CR, the current study provides evidence that
higher levels of CR protect against the clinical manifestations of AD by delaying the onset
of symptoms associated with the disease. In the absence of medications that reduce
underlying AD pathology, this delay in the onset of symptoms allows individuals to
maximize daily functioning as pathology levels increase. The results further suggest that
interventions aimed at increasing CR could provide significant clinical benefits by delaying
the symptomatic phase of the disease.

In the present study, we found no cross-sectional association between biomarker levels and
CR scores at baseline, even among the group who progressed, suggesting baseline biomarker
levels are not responsible for the more rapid cognitive decline among participants with high
CR. One possible explanation may be related to participant age. In the total study sample, as
well as among individuals who progressed, higher CR scores were associated with older age
at baseline and at symptom onset. Importantly, older age has also been associated with
greater accumulation of amyloid and tau, as measured by CSF and PET imaging (Resnick et
al., 2015; Sutphen et al., 2015), and with higher levels of other brain pathologies, including
cerebrovascular disease (Elobeid et al., 2016; Jeerakathil ef a/., 2004; P. T. Nelson et al.,
2011). It is therefore possible that the greater cognitive decline observed among individuals
with high CR who progressed is due to a greater rate of AD pathology accumulation after
the baseline evaluation, as well as to higher levels of pathologies not measured by our
biomarker composite score. Future studies with concurrent measures of CR, AD biomarkers,
and cerebrovascular disease before and after symptom onset are necessary to examine this
issue.
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Another finding of the current study was that among individuals who remained cognitively
normal over time, there was no relationship between the CR composite score and the age-
related decrease in the practice effect. This suggests that level of CR, at least as measured in
the current study, is associated with baseline rates of cognitive performance, but does not
alter the trajectories of normal cognitive aging. Taken together, the present results suggest
that the mechanism by which CR benefits cognitive functioning among older individuals is
not by reducing the rate of cognitive decline associated with aging or preclinical AD. Rather,
CR appears to delay the onset of clinical symptoms associated with underlying AD
pathology.

Additionally, we found that when follow-up diagnosis is taken into account, APOE e4 status
did not modify the cognitive trajectories, nor the relationship between CR and cognitive
change. Although APOE 4 status is sometimes associated with greater cognitive decline
among older adults, this tends to reflect the fact that a greater proportion of the e4 carriers
develop AD-related cognitive impairment over time (Yu et al., 2013). We interpret the lack
of a main effect of APOE e4 status on the rate of cognitive change in our analysis as an
indication that after accounting for the fact that APOE-e4 carriers are more likely to progress
to MCI (captured by the follow-up diagnosis indicator), the rates of change in cognition are
similar for e4 carriers and non-carriers. This interpretation is consistent with the observation
that the e4 allele primarily results in an earlier age of amyloid accumulation and thereby an
earlier age of onset, but has less impact on the rate of cognitive decline among those who
develop symptoms of MCI (Albert et al., 2014). It is also consistent with the observation that
e4 carriers and non-carriers benefit similarly from education (et al., 2013) and from CR
more broadly (e.g., Pettigrew et al., 2013) with respect to risk of progression.

Our study has several limitations. First, participants were primarily Caucasian and have a
strong family history of dementia, so the results may not generalize to the US population at
large. Second, the level of CR is relatively high in this study, with all individuals having at
least high school education. Our results may therefore underestimate the impact of CR on
cognitive change and it is possible that the relationship between CR and cognitive change
differs for individuals with very low education. Additionally, our measure of CR was limited
to education, vocabulary, and verbal intelligence. It remains unclear if our results generalize
to other proxy measures of CR, such as occupational complexity and participation in leisure
activities. We are presently in the process of studying these issues in this cohort. However, it
is noteworthy that in all analyses conducted to date education, vocabulary, and reading
ability tend to have similar relationships between cognition and AD biomarkers, with
education generally showing somewhat weaker associations than vocabulary and reading
measures, and the composite score showing the most robust associations (Pettigrew et al.,
2013, 2017). Third, the sample size of the current study was not sufficient to reliably
examine whether the presence of one or two APOE &4 alleles alters the associations between
measures of CR, AD biomarkers, and cognitive change among cognitively normal or
symptomatic individuals, as has been suggested by some studies (e.g., Vemuri et al., 2016).
Fourth, it is worth noting that these analyses focused on cognitive measures. This approach
was selected since participants were cognitively normal at baseline, and functional outcome
measures have limited variability among such participants who tend to perform at ceiling on
these types of measures. By contrast, cognitive measures are likely more sensitive to subtle
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cognitive change that may be evident during the preclinical phase of AD, particularly among
middle-aged, cognitively normal participants. Lastly, although the biomarker composite
score includes the major categories of biomarkers (measures of amyloid, tau, and
neurodegeneration), it does not take into account the fact that some component measures
(e.g., amyloid plus tau abnormality) may be more strongly associated with cognitive change
and underlying pathology than others (e.g., abnormal levels of neurodegeneration in the
absence of amyloid pathology). Consequently, two individuals with the same biomarker
composite scores may differ in their underlying pathology, and future studies are therefore
needed to test if different types of pathology profiles are differentially related to CR and
cognitive change.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Studied association between cognitive reserve (CR), AD biomarkers, and
cognition.

. Association between CR and cognitive change differed by follow-up
diagnosis.

. CR unrelated to cognitive change among those who remained cognitively
normal.

. Higher CR associated greater cognitive decline after onset of symptoms of
MCI.

. AD biomarkers did not modify association between CR and cognitive change.
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Figure 1. Timeline showing the design of the BIOCARD study
Types of data collected each year for the BIOCARD study between 1995 and 2016.
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Figure 2. Estimates of longitudinal cognitive change by follow-up diagnosis and baseline
cognitive reserve composite score

Estimates from linear mixed effects model predicting longitudinal cognitive composite
scores over time among four groups: (1) low CR/normal (black line) are individuals with CR
scores below the median who remained cognitively normal over time; (2) high CR/normal
(blue line) are individuals with CR scores at or above the median who remained cognitively
normal; (3) low CR/progressed (red line) are individuals with CR scores below the median
who progressed to MCI at follow-up; and (4) high CR/progressed (green line) are
individuals with CR scores at or above the median who progressed to MCI at follow-up.
Estimates are adjusted for baseline age, gender, and the age x time interaction. The number
of participants contributing data at each time point is shown in the table below the figure.
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Figure 3. Estimates of longitudinal cognitive change by level of baseline biomarker and cognitive
reserve composite scores

Estimates from linear mixed effects model predicting longitudinal cognitive composite
scores over time among four groups: (1) low CR/low biomarker (black line) are individuals
with CR scores below the median and biomarker composite scores below the median; (2)
high CR/low biomarker (blue line) are individuals with CR scores at or above the median
and biomarker scores below the median; (3) low CR/high biomarker (red line) are
individuals with CR scores below the median and biomarker scores at or above the median;
and (4) high CR/high biomarker (green line) are individuals with CR scores at or above the
median and biomarker scores at or above the median. Estimates are adjusted for baseline
age, gender, and the age x time interaction.
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Cohort as a whole

Participants in analyses of clinical
data

Participants in analysis of biomarker
data

Variable (N =349) (N =303) (N =170)
Age in years, mean (SD) 57.3 (10.4) 57.2 (10.2) 56.5 (9.5)
Follow-up years, mean (SD) 10.9 (4.6) 12.1(4.2) 12.1(3.7)
Gender, females (%) 57.6% 59.1% 62.0%
Ethnicity, Caucasians (%) 97.1% 97.7% 97.7%
APOE &4 carriers (%) 33.6% 33.3% 31.0%
MMSE, mean score (SD) 29.5(0.9) 29.6 (0.8) 29.6 (0.7)
Education, mean years (SD) 17.0 (2.4) 17.0 (2.4) 17.2(2.3)
NART, mean (SD) 119.6 (7.9) 120.1 (7.6) 120.6 (7.2)
WAIS vocabulary, mean (SD) 14.2 (2.3) 14.3 (2.3) 145(2.2)
CR Composite, mean (SD) 0.0 (0.8) 0.0 (0.8) 0.1(0.7)
Paired Associates Immediate (SD)  20.2 (3.4) 20.5(3.0) 20.5(2.9)
Logical Memory Delayed (SD) 12.3(4.0) 12.6 (3.9) 13.0(3.8)
Boston Naming, % Correct (SD) 96.0 (5.3) 96.2 (5.3) 96.6 (5.1)
Digit Symbol Substitution (SD) 52.2 (11.7) 52.8 (11.8) 53.2 (11.4)
Cognitive Composite, mean (SD) -0.1(0.6) -0.1(0.6) -0.0 (0.6)
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Participant Characteristics at Baseline by Follow-up Diagnosis

Table 2

Remained Normal

Progressed to MCl/Dementia

Variable (N =237) (N =66)
Age in years, mean (SD) 55.7 (9.4) 63.0 (10.8) "
Follow-up years, mean (SD) 12.1(4.1) 12.0 (4.4)
Gender, females (%) 62.0% 51.5%
Ethnicity, Caucasians (%) 98.7% 93.9%
APOE &4 carriers (%) 32.5% 36.4%
MMSE, mean score (SD) 29.6 (0.7) 29.3(1.0)"
Education, mean years (SD) 17.2 (2.3) 16.6 (2.5)
NART, mean (SD) 121.1 (7.0) 116.7 (8.8) ™
WAIS-R vocabulary, mean (SD) 14.6 (2.1) 13125
CR Composite, mean (SD) 0.1(0.8) -0.3(0.9)™"
Paired Associates Immediate (SD)  20.9 (2.8) 19.1 (3.0) el
Logical Memory Delayed (SD) 13.1(3.8) 11.0 3.7) e
Boston Naming, % Correct (SD) 96.7 (4.8) 94.1 (6.2)™"
Digit Symbol Substitution (SD) 54.8 (12.0) 46.1(7.8)
Cognitive Composite, mean (SD) 0.1 (0.6) -0.5 (0.5) el
Biomarker Composite, mean (SD)  -0.1 (0.4) 0.3(0.7) *x
(N=136) (N=34)

Page 22

Abbreviations: NART = National Adult Reading Test; WAIS-R = Wechsler Adult Intelligence Scale - Revised. Significant differences between the

group who remained normal and the group who progressed are indicated by asterisks:

*
p<0.05;

P <0.005.
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Table 3

Results of linear mixed effects model including follow-up diagnosis as a predictor

Model Predictors Estimate SE p-value
Time 0.0875 0.0180 <0.0001
Baseline age -0.0143 0.0031 <0.0001
Gender (male) -0.2828  0.0520 <0.0001
CR composite 0.2500 0.0422  <0.0001
Follow-up diagnosis (MCI) -0.2554  0.0756 0.0008
Baseline age x time -0.0013  0.0003 0.0001
CR composite x time 0.0013 0.0043 0.7601
Follow-up diagnosis x time -0.0551 0.0076  <0.0001
CR composite x follow-up diagnosis 0.1299 0.0786  0.0992
CR composite x follow-up diagnosis x time ~ —0.250 0.0078 0.0016
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