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Abstract

Introduction: Associations of physical exercise with Alzheimer disease (AD) biomarkers and
cognitive functioning have been observed cross-sectionally. However, the effects of exercise on
longitudinal change in AD biomarkers have not been thoroughly investigated. The current study
examined whether individuals with higher baseline exercise exhibited less longitudinal change in
AD biomarkers and cognitive functioning, and whether APOE and/or the BDNF genotypes
moderated the effects of exercise on longitudinal changes.

Methods: Clinically normal individuals completed a questionnaire on physical exercise over the
prior 10-year period at baseline. Ninety-five individuals had serial CSF samples collected to
examine AP, ptauig; and total tau; 181 individuals underwent multiple assessments of amyloid
PET imaging with Pittsburgh Compound B; 327 individuals underwent multiple cognitive
assessments, including measures of episodic memory, executive functions, verbal fluency and
processing speed.

Results: Greater exercise was associated with less steep decline in processing speed. Baseline
exercise did not robustly impact longitudinal change for any other outcomes. Neither APOE nor
BDNF genotype robustly moderated the effect of exercise on trajectories of AD biomarkers or
cognitive decline.

Interpretation: Results suggest that self-reported physical exercise may be limited as a
moderator of changes in AD biomarkers.
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Introduction

Although Alzheimer disease (AD) is the most common form of dementia among older
adults, there are currently no effective pharmacological treatments that can stop or
significantly slow the disease. Research efforts have also targeted lifestyle factors that could
potentially influence the course of the disease and may be particularly effective during the
preclinical phase [1]. In particular, physical exercise has increasingly been associated with
enhanced brain and cognitive health in older adults [2].

Physical activity, exercise and aerobic fitness are associated with less cognitive decline or
decreased risk of dementia in observational longitudinal studies [3; 4]. These benefits have
been observed across a variety of cognitive domains (e.g., executive functioning, processing
speed, verbal fluency, attention, working memory). In addition, individuals with a genetic
risk for developing AD (i.e., having an APOE e4 allele) may especially benefit [e.g., 5].

While these findings are suggestive that physical activity or exercise may serve to slow
cognitive decline and reduce risk of dementia, it is important to understand the degree to
which they influence core AD pathology (i.e., amyloid deposition and neurofibrillary
tangles). Several studies have reported beneficial effects of exercising on amyloid and tau
deposition in transgenic AD mice [1]. However, there has been less research on the
association between physical activity or exercise with AD pathology in humans.

Several biomarkers of AD pathology have been developed. Cerebrospinal fluid (CSF)
biomarkers include APy, as an estimation of levels of brain amyloid, ptausg; reflective of
levels of phosphorylated tau (the main element of neurofibrillary tangles; [6]), and tau as
indicative of neuronal injury. In addition, positron emission tomography (PET) can be used
to measure fibrillar amyloid plaques using the Pittsburgh compound-B (P1B) radiotracer [7].
In some studies, more active individuals were found to have better biomarker profiles in
terms of CSF AB4p, ptausgs, ptauigi/APBap and tau/Apy, ratios as well as PET-PIB [e.g., 8;
9], with some evidence of particular benefits for individuals with an APOE e4 allele [10;
11]. However, other studies failed to show an association between self-reported physical
activity and PET-PIB [e.g., 12; 13; 14]. One existing longitudinal study observed that higher
baseline physical activity was associated with lower amyloid deposition at follow-up [15].

Another potential moderator of the effects of physical exercise relates to brain-derived
neurotrophic factor (BDNF). BDNF increases after exercising and contributes to synaptic
plasticity [e.g., 16]. Presence of the p.Met66 allele in the BONF gene, compared to the Val
allele, has been linked to reduced BDNF secretion [17]. In studies examining whether the
p.Val66Met (rs6265) BONF polymorphism moderates the relationship between physical
activity and cognitive functioning, results have varied with regard to whether physical
activity benefits are greater for p.Met66 carriers [e.g., 18] or for Val carriers [e.g., 19].
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Whether the BODNF genotype moderates physical exercise associations with AD biomarkers
in humans has been less examined.

The primary goals of this study were to examine a) whether higher baseline exercise is
associated with less decline in AD biomarkers and cognitive functioning; b) whether APOE
genotype moderates the association with a greater effect of exercise for APOE e4-positive
individuals; and ¢) whether BDN/F genotype moderates the association with p.Met66 allele
carriers benefitting less from exercise.

Participants.

Older adults, 55 to 88 years-old, were recruited from the Knight Alzheimer’s Disease
Research Center at Washington University. Participants age 65+ are followed annually with
clinical and cognitive assessments; those 55-64 are followed with these assessments every 3
years. All participants have biomarker collection at baseline and every 3 years thereafter.
The Clinical Dementia Rating (CDR) scale was used to determine absence or presence and
severity of dementia when present (Morris 1993). All participants were clinically normal
(CDR=0) at baseline assessments. All individuals who had baseline exercise data and either
CSF (n=95), PET (n=181) or cognitive (n=327) data were included in order to maximize the
sample size for each outcome (see Table 1 for sample characteristics). Nonetheless, there is
substantial overlap in participants across the samples: 84 of 95 participants in the CSF
sample are part of the PET-PIB sample, all of the 95 participants in the CSF sample are part
of the cognitive sample, and 179 of 181 participants in the PET-PIB sample are part of the
cognitive sample. Cross-sectional analyses of exercise associations with brain structure, CSF
and PET-PIB have been published previously [20; 11; 9].

Measurement of physical exercise.

Validity.—History of engaging in a walking, running, and jogging exercise program for the
past 10 years was assessed with a validated questionnaire to estimate physical exercise [21].
The measure was significantly correlated with cardiorespiratory fitness measured via
treadmill test in a sample of 5,063 individuals aged 18 to 80 years (r=.40-.61). Retrospective
self-report of activity for a particular year and aerobic fitness for that year across 10 1-year
assessment periods evidenced stable correlations, indicating that participants across the
examined age range were capable of relatively accurate self-report over this extended time
span [21].

Procedure.—The questionnaire was administered by telephone with participants reporting
number of months per year, number of workouts per week, average number of miles per
workout, and average time per mile for each year they engaged in a walking, running, or
jogging program. Metabolic equivalent (MET) values were estimated using the compendium
of physical activities to derive the physical exercise score [22; 21]. The average MET-hours/
week over each of the past 10 1-year assessment periods was used as the index of physical
exercise. Participants were divided into low and high exercise groups by American Heart
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Association criterion for moderate exercise levels (i.e., 7.5 MET-hrs, which corresponds to
moderate intensity activity 5 days/week for 30 minutes).

Cerebrospinal fluid collection and processing.

Cerebrospinal fluid (20-30mL) was acquired by lumbar puncture at 8am after an overnight
fasting period, as described previously [23]. Samples were gently inverted to avoid possible
gradient effects, centrifuged at low speed, and aliquoted (0.5mL) into propylene tubes before
freezing at —84°C. Levels of total tau, phosphorylated tauig; (ptauigy), and Apao were
analyzed after a single thaw following initial freezing by enzyme-linked immunosorbent
assay (Innotest; Fujirebio [formerly Innogenetics], Ghent, Belgium]. A single assay lot
number was used, and longitudinal samples from a given individual were run on the same
assay plate.

In vivo amyloid imaging with PET-PIB.

In vivo amyloid imaging with positron emission tomography (PET) with [11C]PiB was
performed as described previously [24]. Simultaneously with the initiation of a 60-minute
dynamic PET scan in 3-dimensional mode, approximately 12mCi of [11C]PiB was
administered intravenously. Measured attenuation factors and a ramp filter were used to
reconstruct dynamic PET images. Three-dimensional regions of interest were created based
on individual’s structural MRI scans. To account for number of binding sites in expressing
regional binding values, a binding potential for each region of interest was calculated. Mean
Cortical Binding Potential (MCBP) value was obtained by averaging the binding potential
values from the prefrontal cortex, gyrus rectus, lateral temporal, and precuneus regions of
interest. Higher MCBP values represent greater presence of amyloid pathology.

Cognitive assessment.

The episodic memory domain consisted of the free recall score from the Free and Cued
Selective Reminding Test [25], Logical Memory Delayed from the Wechsler Memory Scale
(WMS)-R [26] or the WMS-III [27], and Associate Learning/Verbal Paired Associates from
the WMS [28] or WMS-I111 [28]. The processing speed domain consisted of Trail Making A
and Wechsler Adult Intelligence Scale-Revised Digit Symbol test [29]. The executive
functions domain consisted of WMS Digit Span Forward and Backward [28], the difference
between Trailmaking B and Trailmaking A scores, and WMS-I11 Letter-Number Sequencing
[27]. The verbal fluency composite was created from Category Fluency (animals and
vegetables) and Letter Word Fluency (F & L) tests.

In the case of multiple versions of a test (i.e., Logical Memory and Associate Learning/
Verbal Paired Associates), raw scores from each subsample were standardized separately
and then combined across subsamples. Cognitive composites were standardized to each visit
independently and represent the average of available standardized scores from each of the
tests comprising the composite.

APOE and BDNF genotyping.

Detailed procedures for genotyping have been described previously [30]. Briefly, DNA
samples were genotyped using Illumina genotyping arrays. All samples and genotypes
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underwent quality control before the analysis. The BDONF p.Val66Met SNP (rs6265)
genotype was extracted from the imputed PLINK file and coded as 0 (Val/Val homozygotes)
or 1 (Met allele carriers). APOE genotyping for both rs429358 (ABI#C_3084793 20) and
rs7412 (ABI#C_904973 10) was done with TagMan assays as described previously [31].
APOE genotype was coded as 0 (e4 non-carrier) or 1 (&4 carrier).

Statistical analyses.

Results

Covariates.—Baseline age, education, sex, delay between baseline exercise and the first
measurement of the outcome variable, CDR change, and health composite were covariates.
The CDR change variable coded for any increase in CDR over time from baseline CDR=0
(CSF sample: N=3; PET-PIB sample: N=23, Cognitive sample: N=86) versus no change in
CDR. Health composite represented accumulated count of current or past instances of:
stroke, diabetes, seizures, traumatic brain injury, hypertension, Huntington’s disease,
Parkinson’s disease, cardiovascular disease, and depression.

Linear mixed effects models.—A series of linear mixed-effects models were performed
using the R nlme package [32] in the R statistical software [33]. The outcome measures
were CSF AB4p, CSF tau, CSF ptauig;, MCBP, and cognitive composites. A full model
included time (number of years between baseline and most recent follow-up), exercise
group, and APOE (or BDNF) genotype, as well as all possible interaction terms. Time and
intercept were random effects. In the next step, the highest order interaction term (i.e., three-
way interaction between time, exercise group, and APOE (or BDNF) genotype) was
excluded from the model. A likelihood ratio test determined whether models with and
without the three-way interaction were significantly different. If models were not
significantly different based on Chi-square (p<0.05), the term was dropped, otherwise, it was
retained in the model. This was done for all three two-way interactions as well. Non-
significant terms were excluded in a stepwise manner until a final model included significant
higher-order terms and/or lowest-order terms.

Outliers.—Case-level outliers for outcomes were defined as residuals of the full model that
were three standard deviations above or below the mean, and examined in terms of influence
on model results. For outliers with Cook’s D value greater than 4/n, separate models were
conducted with and without outliers. Results were similar unless otherwise noted in the
Results section.

Primary analyses: AHA-defined exercise groups.

Cross-sectional.—APOE e4-positive individuals had lower baseline CSF A4 (p=.002),
as well as higher baseline CSF tau (p=.004), CSF ptau;g; (p=.033) and MCBP (p<.001;
Table 2; Figure 1A-D). Furthermore, there was a significant BDNF x exercise interaction
for MCBP (p=.022; Supplementary Figure 1). Val homozygotes in the high exercise group
had lower MCBP than those in the low exercise group (p=.046), but there was no effect of
exercise for p.Met66-carriers (p=.081). Lastly, the high exercise group had better verbal
fluency performance (p=.008; Table 3; Figure 2A-D).
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Longitudinal.—Levels of CSF A4, significantly decreased over time (p<.001), while
levels of MCBP (p=.041), CSF tau (p=.004), and ptauig; (p=-002) significantly increased,
consistent with disease progression. Significant decline in performance was also observed
for all cognitive outcomes (verbal fluency: p<.001; episodic memory: p<.020; processing
speed: p<.001; executive functions: p<.001). In addition, APOE e4-positive individuals
exhibited greater change over time compared to APOE e4-negative individuals in terms of
CSF tau (p=.009), CSF ptauyg; (p=.021), MCBP (p<.001) and episodic memory (p=.026).
Lastly, the only interaction involving time and exercise was for processing speed (p=.032).
The high exercise group evidenced less decline (p=.009) compared to the low exercise group
(p<.001).

Secondary analyses.

Age moderation.—Age did not significantly moderate effects of AHA-defined exercise
group on longitudinal trajectories of cognitive performance or AD biomarkers (ps>.241 for
the age x time x exercise interactions).

4-year delay subsample analyses.—Considering the long delay between baseline
exercise and baseline measures of the outcome variables in the full samples (see Table 1),
analyses were conducted on subsamples with a maximum of 4-years and with a maximum of
2-years between the baseline measures. Results were similar to the full sample AHA
analyses in the 4-year delay subsample analyses (Supplementary Table 1 for sample
characteristics) with one exception (Supplementary Tables 2, 3 and 10). The BDNF x
exercise interaction for processing speed was significant with outliers removed (p=.048).
There was a trend for p.Met66-carriers in the high exercise group to have higher processing
speed performance compared to p.Met66-carriers in the low exercise group (p=.082), but
there was no effect of exercise for the Val homozygotes (p=.470).

2-year delay subsample analyses.—In the 2-year delay subsample (Supplementary
Table 4 for sample characteristics), results were similar to the full sample AHA analyses
with three exceptions (Supplementary Tables 5, 6 and 10; Supplementary Figures 2-3). The
main effect of exercise on verbal fluency (p=.107) and the APOE x time interaction for
episodic memory (p=.063) were no longer significant. Finally, the time x exercise
interaction for processing speed was significant only with outliers removed (p=.032).

Median split analyses.—In order to ensure roughly equal number of participants in
exercise groups and thus enhance power, analyses were conducted with groups determined
by a median split in the full sample (Supplementary Table 7 for sample characteristics). The
median split values roughly correspond to engaging in moderate intensity activity 3 days/
week for 31-39 minutes on average. Results were similar to primary analyses with AHA-
defined groups with two exceptions (Supplementary Tables 8, 9 and 10; Supplementary
Figures 4-5). The high exercise group had lower MCBP than the low exercise group
(p=.043), which became non-significant with outliers removed (p=.113). In addition, there
was an APOE x time x exercise group interaction for processing speed (p=.004). In APOE
e4-negative individuals, the high exercise group showed a less steep decline compared to the
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low exercise group (p=.004), whereas trajectories between exercise groups were not different
in APOE e4-positive individuals (p=.154).

Summary.—First, the secondary analyses revealed some additional, but inconsistent, cross-
sectional effects of exercise group (i.e., BDNF x exercise for processing speed in 2-year
subsample analyses; main effect of exercise for MCBP in the median split analyses).
Second, the BDNF % exercise interaction for MCBP was observed in all analyses
(Supplementary Figure 1, but the nature of the interaction varied (i.e., Val homozygotes
benefiting from exercise in primary and median split analyses; p.Met66-carriers evidencing
higher MCBP in the high exercise condition in 4-year and 2-year subsample analyses).
Third, the time x exercise interaction for processing speed observed in the main analyses
generally remained consistently present. Lastly, there was one indication that APOE
genotype moderated the effects of exercise on the longitudinal trajectory of processing speed
in the median split analyses.

Discussion

Longitudinal change was observed for all outcomes consistent with accumulation of AD
pathology and cognitive decline. However, in the primary analyses, exercise only modulated
change over time for processing speed. A series of secondary analyses were conducted to
potentially provide insight into the minimal exercise effects in primary analyses and
determine the robustness of observed effects. Overall, trajectories were not consistently
affected by baseline exercise, with the exception of processing speed again. Furthermore,
APOE and BDNF genotypes did not consistently modulate the relationship between exercise
and rate of change.

The most consistent observation was that exercise modulated the rate of decline in
processing speed, but with only one robust indication that APOE genotype influenced the
effect of exercise. The limited current findings are in contrast with meta-analyses of
longitudinal studies indicating higher levels of aerobic fitness or physical activity at baseline
are associated with reduced risk of cognitive decline [3; 4], with effect sizes in the low-to-
moderate range. The discrepant results might stem from differences in study design. Existing
literature included in meta-analyses has generally examined categorical outcomes (i.e.,
decline vs no decline) at one follow-up and primarily used the MMSE. In contrast, the
current study incorporated multiple time points as well as broad and robust estimation of
specific cognitive domains. In fact, results have been mixed in the few studies that have
actually examined cognitive trajectories in specific domains, with sample sizes ranging from
91 to over 10,000, follow-up duration ranging from 6-15 years and small effects in the
studies with significant findings [5; 34; 35]. Notably, even a meta-analysis of intervention
trials indicated modest beneficial effects on cognitive performance [36]. Overall, effects of
physical activity on cognitive trajectories may be small and variable, and a meta-analysis on
trajectories may be helpful in providing insight into important moderators of any protective
effects of physical activity. Multimodal interventions incorporating exercise may be most
effective [37].
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The cross-sectional effect of exercise for the PET-based measure of amyloid deposition was
only present in median split analyses, and there were no effects for the CSF-based variables.
Furthermore, APOE status did not moderate associations. These findings are inconsistent
with past work with a subsample of current participants [9; 11]. In fact, recent narrative
reviews reveal mixed results in terms of exercise associations with either PET or CSF
biomarkers cross-sectionally, or moderation by APOE status [1; 38]. It is conceivable that
more objective measures of physical activity or aerobic fitness would be more sensitive than
the self-report questionnaires used in most work. One study that incorporated accelerometry-
measured physical activity observed associations of moderate intensity activity with CSF
AB4o, tau/AP4o and ptauigi/APao [8]. However, one study that incorporated aerobic fitness
measured by a graded maximum exercise test did not observe associations with PET or CSF
measures [39]. Again, meta-analysis is needed to determine overall effect size as well as
critical moderators of cross-sectional associations of physical activity or exercise with AD
biomarkers.

There were no indications of exercise modulating longitudinal decline in AD biomarkers.
One prior longitudinal examination observed that higher physical activity at baseline had
beneficial associations with plasma A4, at both 9-year and 13-year follow-ups [15]. The
studies differ in several potentially important ways. The Stillman [15] study had a longer
follow-up period than current work, but did not directly examine rate of change.
Furthermore, plasma AB42 was examined, rather than CSF or PET. Lastly, leisure time
physical activity over a 1-week period was the predictor variable. Given these differences in
the limited work thus far, it is difficult to draw conclusions regarding any protective effects
of physical activity or exercise on AD biomarkers over the long-term. Notably, one
intervention trial failed to find an effect of 16 weeks of exercise on CSF Ap4», tau or ptauig;
in individuals with mild AD [40]. Overall, although animal studies provide support for an
exercise effect on core AD pathology, results from human studies are inconsistent and
inconclusive with limited examination of factors that may moderate any protective effects

[1].

The inconsistency of the cross-sectional interactive BDNF genotype and exercise effects can
be considered in the context of variability in the nature of the interactions observed in
literature. That is, some studies observed a differential benefit of physical activity for Val
carriers [e.g., 19], whereas others noted a particular benefit for p.Met66 carriers [e.g., 18].
This lack of consistency could in part reflect unreliability of the underlying phenomenon.
However, the literature is relatively sparse in this domain. This highlights the need for
further examination with objective measures of exercise, consideration of potential
moderators such as age, and sufficiently large samples that permit cross-validation to
systematically assess the robustness of potentially small interactive effects.

Strengths of this study include use of a validated measure of long-term exercise,
incorporation of both CSF and PET measures of AD pathology, broad and robust measures
of cognitive functioning, and multiple time points for all outcome measures to estimate rates
of change. There are also several limitations that should be considered. Firstly, exercise was
assessed via a self-report measure that is significantly but not perfectly correlated with
cardiorespiratory fitness. In addition, exercise was only assessed at one time point prior to
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the outcome measures, hence, it is possible that participants changed their exercise behavior
in the years following baseline measurements. Lastly, the long-term beneficial effect of
exercising on rates of change might not be large enough to be detected with our sample size.
Due to these limitations and the large number of examined models, even significant results
reported should be interpreted with caution.

In summary, our results suggest that self-reported physical exercise may not be a robust
moderator of longitudinal trajectories of AD biomarkers and cognitive functioning, except
perhaps for processing speed. Neither APOE nor BDNF genotypes had consistent influence
on this main finding. Future observational studies should repeatedly measure exercise
objectively while following people longitudinally to obtain information about exercise
behavior, AD pathology and cognitive functioning over time. Additionally, examining the
effect of exercise in conjunction with other moderators could provide knowledge about
individual and additive contribution of different factors to protection against development of
AD pathology. Ultimately, large clinical trials with multiple time points over long follow-up
periods, preferably in the preclinical AD phase, are needed to demonstrate whether exercise
may actually reduce cognitive decline by directly modulating core AD pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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