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1 | INTRODUCTION
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David A. Bennett® | Kaitlin Casaletto?

Abstract

Introduction: Physical activity (PA) is associated with better cognitive and brain health.
However, it remains unclear whether PA relates to accumulation of disease pathology
(“resistance”) or indirectly moderates adverse effects of pathology on cognition (“cog-
nitive resilience”).

Methods: Five hundred thirteen Rush Memory and Aging Project (MAP) decedents
completed longitudinal actigraphy monitoring, cognitive testing, and neuropathologi-
cal examination. Cross-sectional models tested the relationship between average PA
and pathology, and the moderating effect of baseline PA on the association between
pathology and cognition. Longitudinal models examined whether changes in PA mod-
erated associations between pathology and cognition.

Results: PA was negatively associated with Lewy body disease (LBD), but positively
associated with Alzheimer’s disease (AD) burdens. Baseline PA attenuated the associ-
ation between cerebrovascular pathology and cognition, whereas longitudinal change
in PA attenuated associations between AD, cerebral amyloid angiopathy, TAR DNA-
binding protein 43, and atherosclerosis on cognitive decline.

Discussion: Whereas PA relates to “cognitive resilience” against cerebrovascular dis-
ease, AD, and other neuropathologies, “resistance” effects were limited.
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(“resilience”).”10 Further, these relationships may differ depending on
the specific neurodegenerative or cerebrovascular pathology.

Physical activity (PA) is a modifiable factor associated with positive
effects on cognition, brain structure, and psychological function. In
older adults, greater PA is associated with slower rates of cognitive
decline® and lower rates of dementia.?"® However, it remains unclear
whether the protective effects of PA are conferred through a reduc-
tion in the accumulation of disease-related brain pathology (“resis-
tance”) or by moderating adverse effects of pathology on cognition

In support of a resistance model, PA has been linked with lower age-
related amyloid burden, particularly in those at greater genetic risk
for Alzheimer’s disease (AD).111> However, evidence is mixed¢1” and
most prior studies of the association between PA and amyloid bur-
den relied on cross-sectional approaches?-14 (but see also Stillman
et al.’? and Miuiller et al.»®), and use self-report measures of PA,11-15
leaving questions about the accuracy and duration of PA effects. PA
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional (e.g., PubMed) sources and cited exist-
ing studies on direct associations between physical activ-
ity (PA) and disease pathology, as well as evidence for a
moderating effect of PA on the association between dis-
ease burden and cognition.

2. Interpretation: Greater late-life PA attenuated the neg-
ative association between multiple pathological markers
and cognition over time, supporting “resilience” models.
A novel association between late-life PA and Lewy body
disease at death was also identified, suggesting multiple
pathways for PA effects.

3. Future directions: Given the use of post mortem pathol-
ogy markers, future studies are needed to identify asso-
ciations between PA and disease pathology during life.
Studies that use in vivo measurement of multiple disease
pathologies would clarify how changes in PA impact dis-
ease pathology, and support the identification of the ideal
dose and frequency of PA based on individual factors and
a precision-medicine approach.

was also associated with reduced cerebrovascular disease, includ-
ing reduced severity of white matter lesions,'® and lower likelihood
of macroinfarcts in a prior study from the Rush Memory and Aging
Project (MAP).1? In this latter study, objectively quantified move-
ment, including PA, proximate to death were not strongly associated
with other cerebrovascular measures (arteriosclerosis, atheroscle-
rosis, microinfarcts), global AD pathology, TAR DNA-binding pro-
tein 43 (TDP-43), hippocampal sclerosis, cerebral amyloid angiopathy
(CAA), or Lewy body disease (LBD).1? Yet, animal models demonstrate
exercise-related reductions in soluble amyloid beta (AB) and extracel-
lular AB plaques, 221 hippocampal tau pathology,?2 and genes involved
in cholesterol trafficking.2? Therefore, existing evidence is mixed, but
may support a role for direct effects of PA on certain aspects of AD
pathology and cerebrovascular structure.

In addition to directly reducing the accumulation of brain pathology,
PA may modify the toxicity of disease pathology on cognition. Indeed,
higher self-reported PA attenuated the negative association between
white matter hyperintensities and cognitive decline in functionally
normal older adults?® and patients with stroke/transient ischemic
attack,?* and reduced the impact of frontotemporal atrophy on cog-
nitive decline in autosomal dominant frontotemporal dementia.® In
prior work from Rush MAP, higher levels of objectively measured PA
were associated with better global cognition, controlling for AD and
other pathologies,?> suggesting pathology-wide resilience against cog-
nitive decline. Taken together, PA also appears to be related to a
reduced negative impact of a multitude of neurodegenerative patholo-

gies on cognition at various stages of cognitive impairment.

Building on prior cross-sectional analyses modeling metrics prox-
imate to death from the Rush MAP,725 the current study used all
available actigraphy data across multiple longitudinal time points to
measure late-life PA and determine whether late-life PA related to
protective effects on brain health through an association with dis-
ease accumulation or through moderation of the negative effects of
pathology on global cognition. We tested cross-sectional “resistance”
modeling of the relationship between pathology (single time point
variable) and late-life PA. For longitudinal “cognitive resilience” mod-
els, we evaluated the interaction (moderating effect) between within-
person changes in PA on the association between individual patholog-
ical markers and global cognition over time. These models allowed for
the identification of direct and moderating pathology-specific effects
of PA that may inform future intervention and therapeutic approaches.
Given prior work demonstrating PA effects on resistance and cogni-
tive resilience against AD pathology and cerebrovascular factors, we
hypothesized a negative association between late-life PA and pathol-
ogy, and a moderating effect of PA on the association between these
pathologies and cognitive decline. However, based on additional evi-
dence from animal studies of more widespread effects of PA on brain
health through increased clearance of toxins through improved glym-
phatic, microglial, and synaptic function,2¢ we additionally anticipated

amore global impact of PA across pathology markers.

2 | METHODS

2.1 | Participants

Five hundred thirteen decedents enrolled in the Rush MAP who com-
pleted at least one actigraphy visit, cognitive assessment, and post
mortem neuropathological examination were included (Table 1).27 Par-
ticipants completed an average of four actigraphy and cognitive visits
(range = 1-12). The study was approved by the Rush University Med-
ical Center Institutional Review Board. Written informed consent and
signed Uniform Anatomical Gift Act were obtained.

2.2 | Physical activity

Total daily PA was measured continuously for 24 hours/day for up
to 10 days with an omnidirectional accelerometer worn on the non-
dominant wrist (Actical; Mini Mitter). Devices captured all movement
in 360 degrees. Records were visually examined for periods of sus-
pected device removal. In addition, any period of 4 hours or greater
with no activity counts at all was considered suspicious for device
removal. Actical estimates daily raw activity counts every 15 seconds
from the device. As previously described,?” total daily PA was the aver-
age of daily activity counts for each 15-second epoch for full days of
data.® We did not use intensity measures for the purposes of this arti-
cle. For cross-sectional models examining the direct relationship with
pathology, rather than relying on a single time point of PA data, which

may be impacted by physical or emotional state or disease severity, we
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TABLE 1 Participant demographics, clinical characteristics, and
pathological disease burden

Measure Mean (SD) Range
Age at baseline actigraphy visit 84.85(5.59) (62, 100)
Age at death 91.24(6.02) (66,108)
Sex (M/F) 143/368 -
Education 14.84 (2.86) (5,25)
Mini-Mental State Examination 26.87 (3.45) (7,30)
at baseline visit
Mini-Mental State Examination 25.60 (4.40) (7, 30)
at last actigraphy visit
Average late-life daily PA 1.97 (1.07) (0.15,9.13)
Motor composite 0.90(0.20) (0.31, 1.50)
Global cognition, z-score —0.13(0.67) (—3.13,1.32)
Interval from baseline 6.39 (3.51) (0.13,14.16)
actigraphy visit until death
Interval from last actigraphy 2.70(2.62) (0.02,13.13)
visit until death
Pathological markers
Global AD pathology 0.71(0.58)
AD Reagan, percent meets 64%
criteria for AD
Hippocampal sclerosis, present 9%
TDP-43, moderate-severe 38%
Lewy bodies, moderate-severe 22%
CAA, moderate-severe 34%
Atherosclerosis, 24%
moderate-severe
Arteriosclerosis, 29%
moderate-severe
Macroscopic infarcts present 38%
Microscopic infarcts present 32%

Notes: Unless otherwise specified, time-varying variables are reported at
baseline actigraphy visit. Global AD is a summative variable averaging
across multiple standardized metrics of AD pathologies (neuritic plaques,
diffuse plaques, neurofibrillary tangles) with no established cut-off for
meeting criteria for AD. Therefore, the quantitative variable is reported
here.

Abbreviations: AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy;
PA, physical activity; TDP-43, TAR DNA-binding protein 43.

used all data by averaging across actigraphy visits as a proxy for “late-
life PA.”

2.3 | Cognition

Annual cognitive testing was administered by trained technicians. A
global cognition composite was derived from z-scores from 19 cogni-
tive tests,?8 including seven measures of episodic memory, three lan-
guage measures, three measures of auditory attention/working mem-
ory, two measures of visuoperceptual skills, and four measures of pro-

cessing speed.

Disease Monitoring

2.4 | Post mortem histopathology indices

A standard protocol was used for brain removal, tissue sectioning,
and preservation, and a uniform gross and microscopic examination
with quantification of post mortem indices.?? Staff was blinded to clin-
ical data. Post mortem indices included global burden of AD pathology,
hippocampal sclerosis (HS), LBD, TDP-43, CAA, and several measures
of cerebrovascular disease (macroinfarcts, microinfarcts, arterioscle-
rosis, atherosclerosis). For additional information, see the supporting

information and prior Rush MAP works.31%:25.29

2.5 | Motor function

Multiple measures of gait (time and number of steps to cover a dis-
tance of 8 feet and turn 360 degrees) were averaged to create a com-
posite of motor function. An average of motor function across vis-
its was included in cross-sectional models, and visit-specific motor
function was included in longitudinal models to account for objec-
tive motor capacity (i.e., possible disease-related motor restrictions
on PA).

2.6 | Statistical analyses

“Resistance” Models. The direct relationship between PA and pathol-
ogy was examined in a single cross-sectional model that tested the
association between average late-life PA (actigraphy averaged across
all visits) and each pathological marker at death entered simultane-
ously, along with sex, age at death, time from last actigraphy visit to
death, and education as covariates (all covariates mean-centered); to
adjust for disease-related motor changes, we further covaried for the
motor function composite. In follow-up analyses, to test for reverse
causality (e.g., those with dementia engaging in less PA due to their
impairment and driving significant effects), we first covaried for clin-
ical diagnosis at death (i.e., normal, mild cognitive impairment [MCl],
dementia). Next, we entered the interaction between clinical diagno-
sis at death and each of the pathological markers on PA in separate
models controlling for all other pathological markers. If reverse causal-
ity was significantly impacting our findings, we expected to find signif-
icant interactions between clinical diagnosis at death and pathological
markers on PAwith stronger associations observed between pathology
and PA in those with more advanced clinical/functional decline (demen-
tia> MCI > normal).

2.6.1 | Post hoc analyses of AD

To further understand the results of the cross-sectional “resistance”
model, we investigated the association between PA and the three
major components of the global AD measure—diffuse plaques, neuritic
plaques, and neurofibrillary tangles, controlling for all other pathologi-

cal variables and covariates.
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2.6.2 | Sensitivity analyses

After plotting the models, a small subset of participants demonstrated
disproportionately high PA levels. To confirm that our results were not
driven by this small subset of participants, we conducted sensitivity
analyses excluding participants with > 90th percentile of daily move-
ment (average daily Actical count > 3.3; n = 45). Further, to ensure that
our findings were not driven by those with only one visit or partici-
pants who remained in the study significantly longer than the average
(> 6 visits), we conducted sensitivity analyses restricting the sample to
those with at least two but fewer than seven visits.

“Cognitive Resilience” Models. The moderating effect of PA on the
association between pathology and cognition was modeled through
baseline cross-sectional and longitudinal analyses. A cross-sectional
model examined the interaction between baseline PA and pathology
on baseline cognition. Longitudinal models examined the moderating
effect of change in PA on the relationship between pathology and cog-
nition over time using separate linear mixed effects models (LME) for
each pathology marker. Actigraphy was decomposed into between-
person effects (baseline PA levels) and within-person effects (visit-
specific change in PA compared to an individual’'s baseline PA) to
avoid estimation bias from incorrectly assuming common within- and
between-subject effects.3931 Specifically, we entered the interaction
term between within-person changes in PA and pathology on global
cognition over time, adjusting for covariates (age at death, sex, edu-
cation, time from last actigraphy visit until death, motor function) and
baseline actigraphy levels. All predictors of interest were mean cen-
tered in LME to facilitate interpretation. All LME analyses were mod-

eled with random slopes and intercepts. Unstandardized regression
coefficients (b) are reported. Significant interactions were probed by
plotting predicted slopes at 10th, 50th, and 90th percentiles of actigra-
phy. Paralleling the “resistance” models, we tested for reverse causal-
ity by first covarying for clinical diagnosis at death (i.e., normal, MClI,
dementia), and next, entering the three-way interaction among cogni-
tive diagnosis at death, within-person change in PA, and pathology on
cognition in each of the above models.

3 | RESULTS

Participant demographics and clinical characteristics are reported in
Table 1.

Greater average late-life PA was associated with younger age (r = -
.15, P <.001), lower education (r = -.10, P =.021), higher Mini-Mental
State Examination (MMSE; r =.14, P =.001), and better motor function
(r=.45,P<.001).

3.1 | Direct relationship between physical activity
and pathology

In regression analyses controlling for demographics, time from last
actigraphy visit to death, and motor function, average late-life PA
was independently associated with lower LBD and macroinfarct
(marginally), but greater global AD burdens (Table 2). The relative
associations between PA and LBD or AD pathologies were equal in

TABLE 2 Linear regression model examining the association between pathology markers and average PA, controlling for age at death, sex,

education, and motor function

Standardized Unstandardized

betas coefficient St. error P 95% Cl
Constant 774 .078 <.001 [.62,.93]
Age at death —.064 —.004 .003 124 [-.009,.001]
Time from last actigraphy visit to death 172 .029 .007 <.001 [.02,.04]
Education —.104 -.014 .005 .010 [-.02,-.003]
Sex -.077 —.064 034 064 [-.13,.004]
Motor function .395 672 072 <.001 [.53,.81]
Alzheimer’s disease 109 121 .048 .013 [.03,.22]
Hippocampal sclerosis —.050 —.066 .057 249 [-.18,.05]
TDP-43 .004 .001 013 .923 [-.02,.03]
LBD —-.107 —-.035 013 .008 [-.06,—.01]
CAA .027 011 .017 .520 [-.02,.04]
Macroinfarcts —.075 —.057 .032 .075 [-.12,.01]
Microinfarcts -.015 -.012 .033 704 [-.08,.05]
Atherosclerosis —.020 —.009 .020 642 [-.05,.03]
Arteriosclerosis .030 .013 .018 485 [-.02,.05]

Note: Significant predictors are bolded.

Abbreviations: CAA, cerebral amyloid angiopathy; Cl, confidence interval; LBD, Lewy body disease; PA, physical activity; TDP-43, TAR DNA-binding protein

43.
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FIGURE 1 Associations between pathological markers and late-life physical activity (PA) from the linear regression model (standardized effect
sizes). Bars represent 95% confidence interval. “adjusted for age at death, education, sex, average motor function, and time from last actigraphy
visit until death. AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy; TDP-43, TAR DNA-binding protein 43

magnitude though opposite in directionality (see Figure 1). The effect
of PA on macroinfarcts, though marginal, was ~75% the size of the
effect on LBD. Average late-life PA did not significantly relate to
hippocampal sclerosis, TDP, CAA, microinfarcts, arteriosclerosis, and
atherosclerosis.

To address issues of reverse causality, we entered clinical diagno-
sis at death (i.e.,, normal, MCI, dementia) to the above model, which
did not change the results. Next, we entered the interaction between
cognitive diagnosis at death and pathology on PA, which did not reach
statistical significance for any of the pathological markers (Bs < .16, P-
values > .071), except macroinfarcts. The negative association between
late-life PA and macroinfarcts was more robust in the dementia com-
pared to normal group (B = —.14, b = —.16, P = .034, 95% confidence
interval [Cl; —.30, —.01]); the association did not differ between the
MCI and normal groups (B = —.09, b = —.12, P = .141, 95% CI [-.28,
.04]). Overall, except for macroinfarcts, these findings do not support
reverse causality (i.e., reduced PA in those with more advanced dis-
ease pathology/dementia driving the effects), as the associations were

weakest in the dementia group.

3.1.1 | Post hoc analyses of global AD burden

There was a marginal, positive association between late-life PA and
post mortem diffuse plaques (B = .08, b = .04, standard error [SE] = .02,
P=.062,95% CI[-.002,.09]). Late-life PA demonstrated minimal asso-
ciations with neuritic plaques (B = .002, b = .001, SE = .02, P = .968,
95% CI [-0.05, 0.05]) or neurofibrillary tangles (B = .06, b = .03,
SE =.02,P=.207,95% CI [-0.02, 0.08]).

3.1.2 | Sensitivity analyses

Excluding participants with > 90th percentile of PA (average daily
Actical count > 3.3; n = 45), the associations between average late-
life PA and AD (B = .11, b = .10, P = .019) and LBD remained sig-
nificant (B = —.10, b = —.03, P = .018). The marginal association
between average late-life PA and macroinfarcts weakened (B = —.02,
b =-.02, P=.597). Restricting the sample to participants with two vis-
its (N = 385) did not alter the significant associations between late-life
PA and global AD (B=.11,b=.12,P=.021) or LBD (B=—.12,b = —.04,
P =.007), though the association with macroinfarcts was not signifi-
cant (B = —.07, b = —.05, P = .114). After further restricting the sam-
ple to those with at least one follow-up and fewer than seven visits
(N = 299), the directionality of the associations remained unchanged
with differences in statistical significance likely related to reduced sam-
ple size and power (LBD:B=—.13,b=-.04,P=.01; AD: B=.09,b=.10,
P =.097; macroinfarcts: B=—.09,b=—-.07,P=.103).

3.2 | Cross-sectional model of physical activity as a
moderator of the relationship between pathology
and baseline cognition

Examining individual models, baseline PA interacted with atheroscle-
rosis, arteriolosclerosis, and macroinfarcts (marginally) on baseline
cognition (see Table 3). For these three cerebrovascular pathologies,
greater baseline PA attenuated the negative association between
pathology and baseline cognition. Interactions were not significant for
other pathological markers (Bs < .13, P-values >.20). Controlling for all
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TABLE 3 Baseline regression models examining the interaction between baseline PA and pathology on baseline cognition
PA x Pathology
Standardized beta Estimate (SE) P 95% Cl
Atherosclerosis x PA .18 .05(.03) .039 [.003,.10]
Arteriolosclerosis x PA 22 .05(.02) .019 [.008,.09]
Macroinfarcts x PA .16 .08 (.04) 072 [-.007,.16]
Microinfarcts x PA .07 .03 (.04) 462 [-.05,.11]
AD x PA -.12 —.06(.06) .300 [-.18,.05]
TDP-43 x PA -.01 —.002(.02) .877 [-.03,.03]
CAAx PA -.07 -.01(.02) 528 [-.05,.03]
LBD x PA .06 .01(.02) 468 [-.02,.05]
Hippocampal sclerosis x PA .13 .11(.09) .200 [-.06,.28]

Notes: Pathology interaction term of interest illustrated. All models adjusted for age at death, education, sex, motor function, and time from last actigraphy

visit until death. Significant interactions are shown in bold.

Abbreviations: AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy; Cl, confidence interval; LBD, Lewy body disease; PA, physical activity; TDP-43,

TAR DNA-binding protein 43.

TABLE 4
global cognition. Full models reported in supporting information

Linear mixed effects models examining within- and between-person changes in PA, and the interaction between PA and pathology on

Global AD CAA TDP-43 Atherosclerosis

Estimate (SE) P Estimate (SE) P Estimate (SE) P Estimate (SE) P
Baseline PA 0.09(0.02) <.001 0.08(0.02) <.001 0.07 (.02) <.001 0.06 (0.02) .002
Pathology —0.67 (0.08) <.001 —0.10(.03) <.001 —0.09 (0.02) <.001 —0.10(0.03) .003
Within visit change in PA 0.07(0.01) <.001 0.08 (0.01) <.001 0.08 (0.01) <.001 0.09(0.01) .001
Within PA x Pathology 0.20(0.03) <.001 0.04 (0.01) <.001 0.03(0.01) <.001 0.04(0.02) .021

Abbreviations: AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy; PA, physical activity; SE, standard error; TDP-43, TAR DNA-binding protein 43.

additional pathological markers did not attenuate significant interac-
tions. Instead, the interaction effects were strengthened (atheroscle-
rosis x PA: B = .24; arteriosclerosis x PA: B = .24; macroinfarcts x
PA: B = .20). When the three-way interaction among clinical diagno-
sis, baseline PA, and pathology was included in the above models, it
did not reach statistical significance for any of the pathological mark-
ers (Bs <.23, P-values > .129).

3.3 | Longitudinal physical activity as a moderator
of the relationship between pathology and cognition

Examining individual models, within-person changes in PA across vis-
its interacted with global AD, CAA, TDP-43, and atherosclerosis on
global cognitive changes (see Tables 4). Increases in PA attenuated the
adverse relationships between each pathology and cognitive decline
over time. In participants who increased their PA between study visits
(at the 90% within-percentile of person change), the effect of pathol-
ogy on cognition was near zero, compared to —0.67 in those with sta-
ble PA and average levels of AD, and approximately —0.10 in those
with stable PA and average levels of CAA, TDP-43, or atherosclero-
sis. Further, changes in PA had a larger impact on cognitive trajecto-

ries at higher levels of pathology burden. For example, the effect on

cognitive decline between those who increased their PA (90th per-
centile) versus those who decreased their PA (10th percentile) was
much greater (~0.40 standard deviation [SD] better cognition on aver-
age) at higher levels of AD, CAA, TDP, and atherosclerosis (90th per-
centile), compared to the difference in groups based on PA at lower lev-
els of pathology (~0.2 SD better cognition at average (50th percentile)
of pathology. Said differently, the beneficial effect of maintaining or
increasing PA was double in participants with high pathology at death
compared to those with average levels of CAA, TDP-43, atheroscle-
rosis, or AD pathology at death. Within-person changes in PA did not
significantly interact on the relationship between LBD, macroinfarcts,
microinfarcts, arteriosclerosis, or HS and global cognition over time
(see Figure 2). Greater baseline PA was associated with better cogni-
tion across all models (unstandardized effects > .06, P-values < .002).
After including all additional pathological markers, the significant inter-
actions between within-person change in PA and AD, CAA and TDP-43
on cognitive trajectories remained significant (unstandardized effects
> .03, P-values < .005); the interaction between within-person change
in PA and atherosclerosis did not (b =.02, P =.191).

Similarly, controlling for cognitive diagnosis at death did not impact
the significant interactions between within-person change in PA and
AD, CAA, or TDP-43 on cognition (unstandardized effects > 0.03, P-

values < .002), suggesting that effects were not driven by impairment
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levels (i.e., possible reverse directionality). However, the interaction
between PA and atherosclerosis was not statistically significant after
controlling for cognitive diagnosis at death (b = .02, P = .140). When
clinical diagnosis was entered in three-way interactions with within-
person change in PA, and pathology on cognition, none of the inter-
actions reached statistical significance (unstandardized effects < .12,
P-values < .080). Therefore, the moderating effect of change in PA on
the association between pathology and cognition did not vary based
on clinical diagnosis, suggesting that PA may show protective relation-
ships across the clinical spectrum.

4 | DISCUSSION

In a sample of more than 500 community-dwelling older adults,
we examined whether the protective relationships of PA were con-
ferred directly through an association with brain pathology burden
(“resistance”) or by moderating adverse relationships of pathology on
cognition (“cognitive resilience”). The protective relationships with
PA differed based on pathology. Greater late-life PA was associated

with fewer Lewy bodies, mildly lower macroinfarcts, but greater diffuse
plaques. At baseline, PA interacted with multiple cerebrovascular
disease markers (atherosclerosis, arteriosclerosis, and macroinfarcts),
such that greater baseline PA attenuated the negative association
between pathology and baseline cognition. In longitudinal analyses,
within-person increases in PA over time attenuated the negative
association between AD, CAA, and TDP-43 with cognitive trajec-
tories. Of note, these are observational data and effects related to
reverse directionality must be considered (e.g., adults with unhealthy
brains may inherently exercise less); however, models (with the
exception of atherosclerosis) remained when adjusting for objective
motor (gait) capacity, other neuropathology burdens, and clinical
diagnosis at death. Taken together, PA relationships appear to be
pathology-specific, with different pathways underlying protective
effects against different pathologies. These data have important impli-
cations for primary (“resistance”) and secondary (“cognitive resilience”)
exercise intervention approaches for dementia prevention.

Regarding resistance models, we identified a novel association
between PA and LBD burden, and replicated prior work demon-

strating lower cerebrovascular burden in those with greater PA. In
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contrast to hypothesized global effects of PA on pathology, partic-
ularly on the accumulation of toxic proteinopathies (amyloid, TDP-
43), our findings demonstrated specificity in the direct associations
between PA and LBD pathology. Little is known regarding the factors
that directly contribute to Lewy body aggregation, and to our knowl-
edge, this is the first study to identify an association between PA and
LBD itself, though there have been several works indicating a benefi-
cial relationship between PA and neurobehavioral outcomes in clini-
cal Parkinson’s disease.32734 These data may indicate that greater PA
maintains health of motor networks most vulnerable to Lewy body
aggregation and helps prevent or delay pathological accumulation.
Alternatively, or in conjunction, motor deficits associated with LBD
may contribute to reductions in PA. The beneficial effects of PA on
macroinfarcts were marginal, and appeared driven by participants
with very high PA (> 90%). Aging is associated with elevated central
arterial stiffness,3>-3¢ which impacts cerebrovascular function through
endothelial dysfunction,vasoconstriction, reduced cerebral blood flow,
and ultimately, increased susceptibility to macroinfarcts. PA may coun-
teract these age-related cerebrovascular changes by decreasing cen-
tral arterial stiffness and restoring endothelial function,3> increasing
regional cerebral blood flow®7:38 (but see also Guiney et al.3? and van

der Kleij et al.*°), and promoting glial homeostasis.2®

11-15 and animal models?°-22 demon-

Given prior work in human
strating reduced AD pathology with greater PA, our finding of a pos-
itive association between PA and AD burden was surprising. Follow-
up analyses indicated that this effect was not seemingly related to
cognitive/clinical diagnosis at death, and driven by diffuse amyloid
plaques, an amyloid isoform that is not associated with neuronal death
or inflammation.** However, given that the association between PA
and AD appears to be driven by the less harmful form of amyloid (dif-
fuse plaques), AD is the most common pathology with advanced age,
and we found that PA moderates the association between AD and cognitive
trajectories, it is possible that the positive association between PA and
AD burden represents a confounding survival (vs. iatrogenic) effect.
That is, adults who exercise may both live longer and therefore have
greater opportunity to accumulate AD pathology. Although we did not
find that age at death/longevity impacted this unexpected relationship
(data not shown), our cohort has somewhat restricted age variance
given the clinicopathologic (vs. true epidemiologic) design, which may
limit this type of analysis. While the positive association of our direct
effect was unexpected, it adds to a body of literature based on self-
report measures of PA that have found no direct effect of PA on amy-

loid pathology,16:1742

and contributes to ongoing uncertainty regard-
ing the effects of PA on AD biomarkers. Importantly, again, we found
that regardless of the direct effect, greater PA resulted in better clin-
ical outcomes accounting for AD burden (i.e., resilience models). PA
intervention studies including AD biomarkers are importantly needed
to more precisely tease apart these relationships.

Consistent with prior work from Rush MAP, greater average PA was
associated with better cognition after covarying for all the pathological
markers, suggesting that PA confers global cognitive resilience against
disease pathology. Baseline models demonstrated an attenuation of

the negative effects of cerebrovascular disease (atherosclerosis, arte-

riolosclerosis, and macroinfarcts) on baseline cognition with greater
PA. Further, increases in PA over time attenuated the negative asso-
ciation among AD, TDP-43, CAA, and atherosclerosis and longitudinal
cognitive trajectories, such that among those with greater pathology
burden (i.e., greatest risk for cognitive declines), adults who increased
or maintained their PA demonstrated disproportionately better cogni-
tion compared to adults with declining PA. From a precision medicine
perspective, this finding is important in establishing the etiologies and
optimal timing of PA intervention. These findings also suggest that par-
ticularly in the context of amyloid or TDP-43, PA may function via other
brain pathways (e.g., reduced microglial inflammation, synaptic home-
ostasis) to support cognition versus proteinopathy clearance, per se.
Building on aerobic intervention trials that identified positive asso-
ciations between improved cardiorespiratory fitness and clinical out-
comes in AD*3** and amnestic MCI,*>%¢ only a handful of prior stud-
ies examined the interacting (i.e., modifying) effect of PA on pathology
and cognition.24254748 Similar to our findings, the majority of these
studies identified that PA is particularly beneficial at sustaining cogni-
tion in those with higher levels of AD*”*8 and vascular burden.?* To
our knowledge, this is the first study to demonstrate beneficial effects
of PA in those with greater TDP-43 and CAA pathology. Prior work
from our group demonstrated an attenuation of the negative associ-
ation between frontotemporal atrophy and cognition in highly active
patients with autosomal dominant frontotemporal dementia.?® Given
that TDP-43 is one of the primary proteinopathies in frontotemporal
dementia, it is possible that these findings were partially attributable
to the beneficial effect of PA on TDP-43 aggregation. Taken together,
an increase in PA as AD, TDP-43, and CAA pathology are aggregating
may help sustain clinical functioning, despite significant proteinopathy
burden.

From a public health standpoint, these findings highlight the need
for in vivo biomarkers to identify both etiology and burden of pathol-
ogy in older adults to determine who is most likely to benefit from
increased PA and at what time. Our resistance models suggest that
older adults with a family history of parkinsonism or multiple risk fac-
tors for stroke may benefit from engagement in PA prior to disease
accumulation, whereas our resilience models suggest that greater PAin
late life may suffice to preserve cognition in older adults at risk for cere-
brovascular disease (atherosclerosis, arteriosclerosis), amyloid accu-
mulation, or TDP-43-related diseases (frontotemporal lobar degener-
ation, limbic-predominant age-related TDP-43 encephalopathy).

Although the present highly characterized sample provides insights
into pathways of PA for disease progression and cognition, there are
several notable limitations of the current findings. First and foremost,
disease pathology was measured at autopsy, rather than at each actig-
raphy time point, limiting our ability to demonstrate time-locked asso-
ciations between within-person change and disease outcomes. Ide-
ally, positron emission tomography, cerebrospinal fluid, and other fluid
biomarkers could circumvent these issues, and future intervention
studies should strive to incorporate longitudinal metrics of pathology
to better understand how these factors interact over time and with
lifestyle manipulation. Although we attempted to account for reverse

causality by controlling for motor functioning and cognitive diagnosis
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at death, and by examining interactions with cognitive diagnosis, the
relationship between PA and pathology is likely bidirectional. Further,
a prior large-scale prospective study (N = 10,308) found a decline in
PA up to 9 years before dementia diagnosis*’ highlighting the com-
plexity of teasing apart the directionality of relationships among PA,
cognitive/functional decline, and pathology accumulation. Habitual PA
was measured in the present study without experimental manipulation,
resulting in correlational findings and limited understanding of causal-
ity. Further, the last actigraphy measurement was an average of 2.7
years from death, and the degree to which PA changed in the interim
and impacted pathology or cognitive decline is unknown. An additional
challenge in actigraphy measurement is understanding the effects of
external factors (e.g., weather, physical health, lifestyle changes) on PA
engagement. Finally, there is some debate regarding the best place-
ment of actigraphy devices with evidence that hip-worn devices may
more accurately correlate with energy expenditure than wrist-worn
devices,>>51 though each approach has noted strengths and limita-
tions.

Taken together, our findings demonstrate pathology-specific pro-
tective effects of PA on age-related decline in brain structure and
function. PA contributes to robust resilience against arteriosclero-
sis, atherosclerosis, amyloid, and TDP-43, and may relate to resis-
tance against LBD and cerebrovascular dysfunction, suggesting mul-
tiple pathways are differentially involved in PA-to-brain benefits. The
identified associations between PA and less studied disease patholo-
gies (TDP-43, CAA, LBD) provide novel insights into the diverse neuro-
biological benefits of PA. These findings support a precision medicine
approach, and highlight the need to further specify the appropriate
timing, dose, and frequency of PA necessary to maximize positive out-
comes on brain health and cognition.
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