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The relationship between leisure time physical
activity patterns, Alzheimer’s disease markers
and cognition

(®Sarah-Naomi james,"2 Carole H. Sudre,"z"a”4 Josephine Barnes,2 ®David M. Cash,z’5
®Yu-Jie Chiou,®” ®William Coath,? Ashvini Keshavan,? ®Kirsty Lu,2 ®lan Malone,’

Heidi Murr'ay-Smith,2 Jennifer M. Nicholas,8 ®Michele Orini,I Thomas Parker,2’9"°
Pamela AImeida-Meza,II Nick C. Fox,2 (®Marcus Richards'* and [®Jonathan M. Schott'->#

* These authors contributed equally to this work.

We assessed the association between leisure time physical activity patterns across 30 years of adulthood with a range of in vivo Alzheimer’s
disease-related neurodegenerative markers and cognition, and their interplay, at age 70. Participants from the 1946 British birth cohort
study prospectively reported leisure time physical activity five times between ages 36 and 69 and were dichotomized into (i) not active
(no participation/month) and (ii) active (participated once or more/month) and further derived into: (0) never active (not active); (1) active
before 50’s only (<43 years); (2) active from 50’s onwards only (>53 years); (3) always active (active throughout). Participants underwent
18F-florbetapir Ap and magnetic resonance imaging at age 70. Regression analyses were conducted to assess the direct and the moderating
relationship between leisure time physical activity metrics, Alzheimer’s disease-related neurodegeneration markers (including A status,
hippocampal and whole-brain volume, and cortical thickness in Alzheimer’s disease signature regions) and cognition. All models were ad-
justed for childhood cognition, education and childhood socioeconomic position, and examined by sex. Findings drawn from 468 partici-
pants (49% female) demonstrated a direct association between being active before 50 years old (<43 years) and throughout life (up to age 69
years), with larger hippocampal volume at age 70 (P < 0.05). There was little evidence that leisure time physical activity had direct effects on
other brain health measures (all P > 0.05). However, leisure time physical activity patterns modified and attenuated the association between
poorer cognitive functioning at age 70 and a range of Alzheimer’s disease-related neurodegenerative markers (Ap status; hippocampal and
whole-brain volume; cortical thickness in Alzheimer’s disease regions) (all P < 0.05). We found suggestive evidence that women with early
markers of Alzheimer’s disease-related neurodegeneration were most sensitive to leisure time physical activity patterns: a lifetime of inactiv-
ity in women exacerbated the manifestation of early Alzheimer’s disease markers (Ap and cortical thickness-related cognition), yet, if wo-
men were active across life or early in life, it mostly buffered these negative relationships. Engagement in leisure time physical activity in the
life course is associated with better cognitive functioning at age 70, even in those with early markers of Alzheimer’s disease. If causal, this is
likely via multiple pathways, potentially through the preservation of hippocampal volume, as well as via cognitive resilience pathways de-
laying cognitive manifestations of early markers of Alzheimer’s disease, particularly in women. Our findings warrant further research to

shed light on the mechanisms of physical activity as a potential disease-modifying intervention of brain health and cognitive resilience.
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Leisure time physical activity is associated with larger hippocampal
volume and cognitive resilience to early AD pathology
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Introduction

Extensive epidemiological studies, including meta-analyses
and literature reviews, describe physical activity as a modest
protective factor against Alzheimer’s disease,’ later-life cog-
nitive deficits™ and cognitive decline.*” Yet, not all studies
show this neuroprotective relationship® and studies may be
at risk of reverse directionality, where people in pre-
symptomatic stages of dementia exercise less. A life course
approach, following patterns of physical activity over a
long period of time, can help to address this.

The cerebral pathways underlying the implicated relation-
ship between physical activity and later-life cognition and
Alzheimer’s disease are not clear.” The pathways may be
conferring a direct inhibitory effect on the accumulation
of Alzheimer’s disease-related disease burden, which in turn
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may lead to better cognitive performance. For example, phys-
ical activity has been linked with reduction of Alzheimer’s
disease-related pathology such as B-amyloid (AB)®~'!; preser-
vation or enhancement of hippocampal volume''2; preserva-
tion of larger whole-brain volume in the face of age-related
changes'?; and a reduction in cerebrovascular pathology bur-
den." Another possibility is that physical activity indirectly
buffers the adverse and detrimental effects of Alzheimer’s
disease-related neurodegeneration on cognition by enabling
the maintenance of high cognitive function in the presence of
Alzheimer’s disease-related pathology'**'® in line with the the-
ory of cognitive resilience and reserve.'” In support of this, ac-
tive lifestyles have been demonstrated to be associated with
better cognition despite a similar level of pathology in
pathology-confirmed accumulation of Alzheimer’s dis-

ease,'®'® in people with autosomal dominant dementia'’
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and in asymptomatic individuals.'® There may also be differ-
ential effects of physical activity by sex,* APOE-¢4 risk status
and burden of cerebral small vessel disease.®'-!%-20-21

Using a population-based age-homogeneous birth cohort,
which has continuously followed people born in the same
week of 1946, we previously demonstrated that participating
in leisure time physical activity (LTPA) at any assessment in
adulthood (from age 36 to 69), and to any extent (participat-
ing at least once per month), was linked with higher later-life
cognitive state; but the strongest relationship was for those
who engaged in physical activity for the longest, in an cumu-
lative manner.” We now extend this work, drawing on an
embedded neuroscience sub-study, to assess the interrela-
tionships between patterns of LTPA across 30 years of
adulthood, and a range of in vivo Alzheimer’s disease-related
neurodegenerative markers [AB burden; hippocampal
volume; whole-brain volume; cortical thickness (CT) in
Alzheimer’s disease-related regions] and their relationship
with cognition. We investigated: (i) whether LTPA patterns
are directly associated with Alzheimer’s disease-related neu-
rodegeneration markers at age 70; (ii) whether LTPA pat-
terns are indirectly related to brain health by moderating
the relationships between Alzheimer’s disease-related neuro-
degeneration markers and cognition at age 70 (in line with
the cognitive resilience framework'”); (iii) whether these re-
lationships vary by sex, APOE-¢4 genotype and concurrent
levels of cerebral small vessel disease.

Materials and methods

Study participants were from Insight 46, a sub-study of
the MRC National Survey of Health and Development
(NSHD; the 1946 British birth cohort), which initially com-
prised 5362 individuals born throughout mainland Britain in
1 week in March 1946.% Follow-up has included >24 con-
tacts with the whole sample since birth. Eligibility criteria®?
and an overview of recruitment for Insight 46>* are outlined
elsewhere. Briefly, 502 participants aged 69-71 were as-
sessed at University College London with a detailed clinical,
cognitive and brain imaging protocol. Ethical approval for
the neuroscience sub-study was granted by the National
Research Ethics Service Committee London (14/LO/1173).
All participants gave written informed consent. No informa-
tion is provided in this manuscript that can identify any indi-
vidual study member.

As previously described,® participation in LTPA was col-
lected prospectively at ages 36, 43, 53, 60-64 and 69 years.
At age 36, participation was ascertained using a modified
validated Minnesota leisure time physical activity
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questionnaire, assessing how often people participated in a
range of physical activities per month.?® This also assessed
how often people had taken part in any sports, vigorous leis-
ure activities or exercise in the previous month (version ad-
ministered at age 43) and the previous 4 weeks (version
administered at age 53, 60 and 69).?° Similarly to previous
work in the sample, at each age, responses were categorized
into: not active (no participation in LTPA/month) and active
(participated in LTPA >1 times/month).?”~° Previous work
in the cohort has demonstrated the consistency and similar
patterns of variation between objective and self-reported in-
struments of physical activity.>!

To investigate longitudinal patterns of LTPA, two periods
across adulthood were defined: active before 50’s (<43 years)
and active in 50’s onwards (>53 years). For each period, par-
ticipation in LTPA >1 times/month was expressed in binary
form (Not active and active). A LTPA categorical variable
was created that represented all four possible trajectories of
LTPA adulthood patterns: (0) never active (not active); (1) ac-
tive before 50’s only (<43 years); (2) active in 50’s onwards
(>53 years); (3) always active (active before and after 50’s).

Neuroimaging was performed on a single Siemens Biograph
mMR 3T PET/MRI scanner (Siemens Healthcare, Erlangen),
with simultaneous acquisition of dynamic PET data from
0 to 60 min post-injection of 370 MBq '®F-florbetapir
(Amyvid) and MR sequences including volumetric (1.1 mm
isotropic) T1 and fluid-attenuated inversion recovery
(FLAIR). The full imaging protocol has been described
previously.?*

As previously described,’” global standardized uptake value
ratios (SUVRs) were calculated from a composite of cortical
regions of interest, normalized to eroded subcortical white
matter. AP status (+/—) was determined using Gaussian mix-
ture modelling, taking the 99th percentile of the lower (AB—)
Gaussian as the cut-point (0.6104), whereby A+ indicates
greater AP load.

Volumetric T1-weighted and FLAIR images underwent vis-
ual QC, before processing using automated pipelines®?:
whole-brain segmentation using multi-atlas propagation
and segmentation®® and hippocampal volume using similar-
ity and truth estimation for propagated segmentations®*
with appropriate manual editing. Models including hippo-
campal aandd brain volume were all adjusted for total intra-
cranial volume (TIV), calculated using statistical parametric
mapping 12.
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Cortical thickness estimation was performed using
FreeSurfer version 6.0. A cortical thinning signature for
Alzheimer’s disease was derived wusing the Mayo
Alzheimer’s disease signature, comprising entorhinal, fusi-
form, inferior and middle temporal cortical regions.?*=>*

Participants undertook an adapted version of the pre-clinical
Alzheimer cognitive composite (PACC), composed of four
tests: the Mini Mental State Examination, Logical Memory
Ila from the Wechsler Memory Scale-Revised, Digit-Symbol
Substitution test from the Wechsler Adult Intelligence
Scale-Revised and the 12-item  Face-Name  test
(FNAME-12).>” Each test was normalized to the analytical
Insight 46 sample. The PACC is designed to track sensitive
cognitive decline in the preclinical phase of Alzheimer’s dis-
ease. Individuals were categorized as APOE-e4 carriers or
non-carriers.

Earlier life covariables were childhood cognition,® child-
hood socioeconomic position (SEP)* and educational at-
tainment.*® The standardized sum of four tests of verbal
and nonverbal ability at age eight represented childhood cog-
nition. Childhood SEP was recorded from paternal occupa-
tion according to the Registrar General’s classification of
the paternal occupation*’ and dichotomized into
‘Unskilled, partly skilled or skilled manual’ and ‘Skilled non-
manual, intermediate or professional’. Education up to age
26 was categorized into three groups based on the
Burnham Scale*?: ‘None attempted’; ‘Vocational or ordinary
(O’ level or equivalent)’ and ‘advanced (A-Level) or higher
education’. A validated, unsupervised, automated algorithm,
Bayesian Model Selection (BaMoS),** was used to segment
white matter hyperintensities jointly from 3D T1 and
FLAIR images, followed by visual QC, generating a global
White matter hyperintensity volume (WMHYV) excluding in-
fratentorial regions. Higher WMHYV indicates worse small
vessel disease.

Participants were included in this analysis if they had at
least one measure of physical activity across adulthood and
at least one cognition and Alzheimer’s disease-related neurode-
generation marker at age 70 (AP status; hippocampal volume;
whole-brain volume; CT in Alzheimer’s disease-related
regions). The t-tests and x> tests were conducted to
assess sex differences in the descriptive characteristics. All
statistical analyses were calculated utilizing STATA V.18
(STATA Corp, TX, USA) with a 0.05 significance level.
Supplementary Fig. 1 shows a flow chart of the analytical
Insight 46 neuroimaging sub-study sample and provides an
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overview of the recruitment procedure. We additionally com-
pared key characteristics of people still active in the NSHD
sample at age 69 with those in Insight 46 (Supplementary
Table 1). As previously reported,** those in Insight 46 were
more highly educated than the wider NSHD sample (54% ver-
sus 39% were in education over the age of 17), and the analyt-
ical sample had slightly higher childhood cognition scores (0.4
versus 0.1), Insight 46 participants also had higher rates of en-
gagement in LTPA at every age (e.g. at age 69, 54% versus
39% were physically active). However, the analytical neuroi-
maging sub-study and wider NSHD sample had a comparable
sex ratio (50%), comparable cognitive scores on a measure of
cognitive state at age 69 (93/100 versus 92/100) and compar-
able rates of APOE-e4 carriage (30%).

Figure 1 shows an illustrative diagram of the aims.

We use the term ‘interaction’ to describe the joint effect of
two exposures on an outcome (e.g. an interaction test be-
tween LTPA and amyloid status on cognition will indicate
whether there is a combined effect of LTPA and amyloid
on cognition that is different than the sum of their separate
effects).”> We use the term ‘effect modification’ to indicate
whether the relationship between an exposure(s) and out-
come differs across population subgroups, performed by
stratifying the population and comparing the marginal ef-
fects in the subgroups (e.g. does the relationship between
LTPA and amyloid status on cognition differ in men and

women?).*’

Multivariable regression models were conducted to assess the
association between LTPA patterns and Alzheimer’s
disease-related neurodegeneration measures at age 70. Linear
regression models were conducted for brain volume, hippo-
campal volume (used as continuous variables and standardized
to the analytical sample after adjustment for TIV) and CT-
Alzheimer’s disease. Logistic regression models were used for
AP status (used as binary variable using AB— as the reference).
LTPA was used as an indicator variable with (i) never active as
the reference group versus (ii) those who were active (partici-
pated in LTPA >1 times per month) before 50’s only (age <
43); (iii) those who were active from 50’s onwards only
(age >53) and (iv) those who were always active throughout
adulthood. All models adjusted for sex, scan age, childhood
cognition, childhood socioeconomic position and education.
Adjustments were not made for multiple comparisons in line
with previous studies.*®

To investigate how manual work and poor health may
confound some of these relationships, we re-ran the main
analyses adjusting for manual work status (up to age 60),
and history of poor mental health and a number of poor
physical health indices up to age 69, including self-rated
poor general health and longstanding illness, chronic pain
and pain that severely limits daily activity (more detail pro-
vided in Supplementary material II).
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Figure | Anillustration of research questions. The aims were to () investigate whether leisure time physical activity patterns are directly
associated with Alzheimer’s disease (AD)-related neurodegeneration markers at age 70 (A status, hippocampal volume, total brain volume and
cortical thickness in Alzheimer’s disease regions); (2) investigate whether leisure time physical activity patterns are indirectly related to brain

health by moderating the relationship between Alzheimer’s disease-related neurodegeneration markers and cognition at age 70 (in line with the
cognitive resilience framework) and (3) investigate whether these relationships vary by sex, APOE-¢4 genotype and concurrent levels of cerebral

small vessel disease.

To investigate whether the relationship between markers of
Alzheimer’s disease-related neurodegeneration and cogni-
tion differ by LTPA patterns, in line with the cognitive resili-
ence framework, we first ran linear regression models which
assessed the overall direct relationship between each imaging
metrics of interest at age 70 (AP status; hippocampal volume;
brain volume; CT-Alzheimer’s disease) and cognition. We
then added an additional two-way interaction term between
LTPA patterns and each imaging metric of interest to assess
whether the LTPA patterns had any effect in varying the re-
lationship between brain health and cognition. The overall
interaction by LTPA was ascertained by conducting a
post-estimation Wald test (taking P < 0.10 as evidence of
an interaction). Post-estimation marginal effects of the asso-
ciations for each LTPA group were additionally obtained.
Post hoc differences in how the relationships differed
between LTPA groups, using the inactive group as the refer-
ence group, were ascertained using marginal contrasts. All
models adjusted for sex, scan age, childhood cognition,
childhood socioeconomic position and education. We re-ran
these main analyses adjusting for adult manual work and
poor general health (see Supplementary for more detail).

All main analyses were re-run to assess if there was a differ-
ential influence of sex (male or female), APOE-¢4 status (car-
rier or non-carrier) and WMHYV as a marker of cerebral
small vessel disease [for ease of interpretation, WMHV
was split into a categorical variable of three equally sized

tertiles: lowest WMHYV (0), average WMHYV (1) and highest
WMHYV (2)]. This approach was conducted by adding two-
way (i.e. sex*LTPA) or three-way (i.e. sex* LTPA* AB) inter-
actions to the models previously described. Differences in
how the relationships differed by these characteristics were
ascertained using marginal contrasts.

Results

Study characteristics of the Insight 46 sub-sample (Max
n=468,49% female) are shown in Table 1. Generally, rates
of LTPA decreased with age, from 73% physically active at
age 36, to 54% being physically active at age 69.

Compared to those who never participated in LTPA across
adulthood, those who were active before 50’s only; and
throughout life; had a significantly larger hippocampal vol-
ume at age 70, after adjustment for TIV, sex, scan age, child-
hood socioeconomic position, childhood cognition and
education (Fig. 2, Supplementary Table 2). For example,
those who were active before 50 had a mean 0.6 SD (95%
CI 0.09-1.02) larger hippocampal volume than those who
were never active, equivalent to 6% or 0.18 mL larger vol-
ume. Those who were active in their 50’s onwards showed
a similar pattern of larger hippocampal volume, but this
was not statistically significant (P = 0.19). There was limited
evidence of a direct association between LTPA patterns and
lower AP status, larger brain volume or CT-Alzheimer’s
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Figure 2 Direct associations between leisure time physical activity (LTPA) patterns and Alzheimer’s disease-related
neurodegeneration markers at age 70. Odds ratio with 95% confidence intervals are presented from logistic regression (A status) and
standardized coefficients and 95% confidence intervals are presented from linear regression models (HV, hippocampal volume; BV, total brain
volume; CT-Alzheimer’s disease, cortical thickness in Alzheimer’s disease regions; n = 464). ‘Active’ is considered participating in LTPA >1 times
per month. Regression models demonstrated that, compared to those who were never active across adulthood, those who were active before
50’s only (age < 43), and those who were always active, had higher hippocampal volume (b = 0.6, P=0.02; b = 0.4, P = 0.03, respectively). All other
coefficients were P > 0.05 and are reported in Supplementary Table 2. All models adjusted for sex, scan age, childhood cognition, childhood social

class, education and TIV (for HV and BV).

disease, although the direction of associations were in the ex-
pected direction.

There was no evidence of modification by sex, APOE-e4
or WMHYV (Supplementary Table 2). The relationships be-
tween LTPA and hippocampal volume were similar when
manual work was incorporated into the models and was
strengthened with adjustment for history of poor mental or
physical health (Supplementary Fig. 2).

The relationship between every Alzheimer’s disease-related
neurodegeneration marker and cognition at age 70 differed
by life course LTPA activity patterns after adjustment for
sex, scan age, childhood socioeconomic position, childhood
cognition and education (all interactions P < 0.05; Table 2,
Fig. 3).

For example, the relationship between AP positivity and
poorer cognitive function was strongest in those who were

never active in adulthood (b =-1.67, P < 0.01), but the rela-
tionship was attenuated in those who were active before
50°s only (-0.04, P=0.85), from 50’s onwards only
(=0.34, P=0.17), or throughout life (-0.17, P=0.12)
(Table 2, Fig. 3A).

A similar pattern emerged for other Alzheimer’s dis-
ease-related neurodegeneration measures including hip-
pocampal volume (Fig. 3B); brain volume (Fig. 3C); and
CT-Alzheimer’s disease regions (Fig. 3D); generally, the
relationship between poorer Alzheimer’s disease-related
neurodegeneration markers and poorer cognitive func-
tion was strongest in those who were never active but
was attenuated in those who were active (Table 2 and
Fig. 3).

Results remained largely similar with adjustment for man-
ual work (Supplementary Table 3). The relationship between
brain health (amyloid status, hippocampal volume and
CT-Alzheimer’s disease) with cognition in the inactive group
strengthened with adjustment for poor mental or physical
health (Supplementary Table 4). For example, the relation-
ship between CT-Alzheimer’s disease and cognition in the
base model was b=0.31, P <0.01 and it increased to 0.56,
P <0.01 with adjustments.


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
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Figure 3 Plots modelling the relationship between Alzheimer’s disease-related neurodegeneration measures and cognition,
by life course leisure time physical activity (LTPA) patterns. The data points represent predicted cognitive function at age 70 plotted
against each imaging metric of interest, by LTPA, derived from linear regression models modelling the relationship between the standardised
imaging metric of interest on cognition, adjusting for sex, scan age, childhood cognition, childhood socioeconomic position, education and with
interaction terms between LTPA patterns and the imaging metric of interest. LTPA patterns include those who were (i) never active across
adulthood; those who were active (participated in LTPA >1 times per month) in (ii) before 50’s only (age < 43); (iii) from 50’s onwards only (age
>53) and (iv) always active throughout adulthood (total n = 464). Wald tests revealed significant LTPA-by-imaging metric interactions for the
relationship between (A) amyloid and cognition (P < 0.01), (B) hippocampal volume and cognition (P < 0.01), (C) brain volume and cognition (P <
0.01) and (D) CT in Alzheimer’s disease-regions and cognition (P = 0.03). STD, standardized; SUVR, global standardized uptake value ratios.

Sex modified the relationship between LTPA and A positivity
on cognition (Fig. 4A), and between LTPA and
CT-Alzheimer’s disease regions on cognition (Fig. 4B); these
relationships seemed to be more sensitive in women (both
P <0.01, Table 2, Supplementary Table 5). For example,
the relationship between AP positivity and poorer cognition
was strongest in women who were never active (-2.49, P <
0.01). This relationship attenuated when two women with
the poorest cognitive function (and AP positive) were ex-
cluded from the analysis (-3 SD in PACC: b=-0.96, P <
0.05, Supplementary Fig. 3), suggesting that this relationship
is largely driven by inactive women who likely already have
early stages of Alzheimer’s disease.

Discussion

In a population-based cohort of people born in the same week
and followed since birth, we demonstrate that engagement in
LTPA before age 50 (<43 years) and throughout life (up to
age 69 years) was directly associated with larger hippocampal

volume at age 70, but was not directly associated with other
early Alzheimer’s disease-related neurodegeneration measures
(AB status; CT in Alzheimer’s disease-related regions). Second,
we found that being engagement in LTPA buffers the early
cognitive manifestations of a range of early Alzheimer’s
disease-related brain neurodegeneration measures (AP status;
hippocampal volume; whole-brain volume and CT in
Alzheimer’s disease-related regions). This finding supports the
notion that LTPA contributes to cognitive resilience and reserve,
slowing the Alzheimer’s disease continuum. Interestingly,
women with early markers of Alzheimer’s disease-related
neurodegeneration were most sensitive to LTPA patterns:
a lifetime of inactivity in women exacerbated the manifest-
ation of early Alzheimer’s disease markers (Ap-related cogni-
tion; CT-Alzheimer’s disease-related cognition); yet, if women
were active, to any extent throughout life, it mainly buffered
these negative relationships. If causal, our findings empha-
size the importance of encouraging people to engage in leis-
ure time physical activity, at any time in the life course, and in
turn this may confer beneficial effects to brain health via mul-
tiple pathways, including the preservation of hippocampal
volume, and via cognitive resilience pathways which delays
cognitive manifestations of early markers of Alzheimer’s dis-
ease, particularly in women.*”**8


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcae431#supplementary-data
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Figure 4 Sex-stratified plots modelling the relationship between (A) ap and cognition and (B) Cortical thickness in Alzheimer’s
disease regions and cognition, by leisure time physical activity (LTPA) patterns. The data points represent predicted cognitive
function at age 70 plotted against each imaging metric of interest, by LTPA and sex, derived from linear regression models assessing the
relationship between the imaging metric of interest on cognition, adjusting for scan age, childhood cognition, childhood socioeconomic position,
education and with interaction terms between sex, LTPA patterns and the imaging metric of interest (n = 464). LTPA patterns include those who
were (i) never active across adulthood; those who were active (participated in LTPA >1 times per month) in (ii) before 50’s only (age < 43);
(iii) from 50’s onwards only (age >53) and (iv) always active throughout adulthood. Wald tests revealed significant sex-by-LTPA-by-imaging metric
interactions for (A) amyloid and cognition (P < 0.01) and (B) CT in Alzheimer’s disease regions and cognition (P < 0.01). STD, standardized; SUVR,

global standardized uptake value ratios.

Being active was associated with larger hippocampal volume
at age 70. Notably, the strongest relationship was for those
who were active before 50 (<43 years); and then for those
who were active throughout life (up to age 69 years); and
then for those who were active only from their 50’s onwards,
which showed a similar, but not significant, direction of ef-
fects. The strongest association, demonstrated in those
who were active before 50, is interesting and may reflect a
presumed greater intensity or duration of exercise at this
younger age, although this presumption is speculative and
is an active area of research in our group. Interestingly, the
association between LTPA and hippocampal volume
strengthened in all groups when poor physical or mental
health was adjusted, suggesting that poor health was mask-
ing some of the underlying relationships between physical
activity and hippocampal volume.

A range of intervention studies have demonstrated asso-
ciations between physical activity and larger hippocampal
volume and preservation of age-related hippocampal atro-
phy,*”* including a 24-month study in sedentary older
adults, which found adherence to the multi-modal

intervention of moderate physical activity was associated
with larger hippocampal volume.*® Exploring the potential
mechanisms that could directly affect hippocampal volume,
such as increasing hippocampal perfusion, increasing synap-
tic plasticity and connectivity and neuronal density, are
warranted.*”

As previously shown in this cohort® and others* participat-
ing in LTPA across adulthood was linked with higher later-
life cognition. We now expand on this and demonstrate
that participating in LTPA is associated with sustained cog-
nitive function, even in those with early i1 vivo markers of
Alzheimer’s disease-related neurodegeneration. Our results
strongly support the notion that LTPA across the life course
can contribute to cognitive reserve and resilience later in
life.'®” Cognitive reserve is defined as the dynamic adapt-
ability to sustain cognitive function in the face of brain age-
ing, pathology or insults.!” This work builds on crucial and
ongoing evidence in the same cohort that alongside educa-
tion and occupation, engagement in LTPA can be embedded
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into a proxy of factors that contribute to differences in cog-
nitive reserve.’’

Very few studies have been able to address the modifying
effect of life course LTPA patterns on early in vivo
markers Alzheimer’s disease-related pathology and cogni-
tion. However, our findings are in line with a Harvard
Ageing Brain Study (7 = 182) of asymptomatic older adults,
which found that greater baseline physical activity, assessed
using an objective pedometer, was related to slower PET
AB-related cognitive decline and PET Ap-related volume
loss,"® independently of vascular risk. Another study based
in the at-risk Wisconsin registry for Alzheimer’s prevention
cohort (n=69) showed that greater baseline cardiorespira-
tory fitness was related to better CSF AB-related cognition.’”
Active lifestyles and increases in physical activity have also
been associated with better cognition despite a similar level
of pathology-confirmed accumulation of Alzheimer’s disease
and other dementia-related pathologies'®'”; and in people
with autosomal dementia.'” We add to this body of work
by assessing a range of early in vivo biomarkers of
Alzheimer’s disease neurodegeneration and disentangle life
course LTPA patterns that may be more important in confer-
ring this buffering effect of Alzheimer’s disease-related path-
ology (i.e. do you see the relationship only in those who are
always active, or also in those who were only active earlier or
later in life). Notably, our findings did not show substantial
differences between timing of LTPA for effect modification
of AB, but instead demonstrated that being active, at any
time across adulthood, could help buffer the detrimental ef-
fects of AB-related cognition and hippocampal volume at age
70, compared to those who were never active. Together our
findings suggest that being active may buffer the early subtle
cognitive manifestations of AB. This warrants further research
to delineate the type, frequency and timing of physical activity
that can help sustain cognition and brain volume changes in
the face of early AB pathology, for as long as possible.

Notably, the relationship between smaller brain volume and
poorer cognition were similar for those who were never active
and those who were active before 50’s only. Given that those
who were active before 50°s showed a buffering effect for other
brain health metrics, this finding could reflect differential path-
ways that mitigate smaller brain volume-associated cognition
that is not linked to physical activity earlier in adulthood
(e.g. through brain structure reserve mechanisms). In con-
trast, there may be pathways linked to physical activity earlier
in adulthood that are related to more specific Alzheimer’s
disease-related pathology (e.g. through compensatory me-
chanisms, neurogenesis, etc.). Further work is needed to ex-
plore these differential aspects of cognitive and brain
resilience.

Interestingly, we find evidence that women may be more sensi-
tive to LTPA patterns: inactivity in women exacerbated cogni-
tive functioning associated with AB deposition and CT in

BRAIN COMMUNICATIONS 2025, fcae431 | |

Alzheimer’s disease-regions; largely driven by inactive women
already on the Alzheimer’s disease continuum. In men, the
modifying effect of LTPA patterns on these relationships was
less prominent. This suggests that AB-related changes may be
exacerbated in inactive women. Given that women are more
likely to develop Alzheimer’s disease, our findings strongly
support the encouragement of physical activity across life in
women and emphasise the importance of looking at sex differ-
ences within studies interested in Alzheimer’s disease’>. Our
findings warrant urgent investigation to better understand
why inactive women may be more susceptible to earlier cogni-
tive manifestations of Alzheimer’s disease pathology,* and to
understand causes of inactivity with age.

We were not able to provide evidence of the direct association
between physical activity and AB burden. While animal mod-
els provide the best evidence that physical activity may directly
impact Ap deposition,** in humans, results using Ap biomar-
kers (brain, CSF and blood) are more inconsistent. A recent
meta-analysis and review of physical activity and AP studies
reported while the number of studies were limited, overall
there is a non-significant association between physical activity
with brain and blood AB.>®> However, very few studies address
the modifying effect of physical activity on AB-related cogni-
tion or Ap-related brain volume changes, which could eluci-
date whether interventions buffer or delay the toxic and
downstream effects of AB. Consideration of durations and
types of physical activity may also be important.

We did not find evidence that having high or low levels
of cerebral small vessel disease (as indexed by WMHYV)
moderated the interrelationship between physical activity,
Alzheimer’s disease-related neurodegeneration and cogni-
tion. Studies investigating the relationship between physical
activity and WMHYV in cognitively normal older sample are
inconsistent,'* with some suggesting that engagement in ac-
tivity can help diminish age-related WMHYV load,*® whereas
others show null results, which may result from differences
in WMHV definitions and derivation.’” However, recent
moderate-intensity training interventions of 24 months’®
and 5 years,”” found no effect on WMHV volume and
WMH change in older adults. Age is a key factor for
WMHYV burden but the distribution of WMHYV is fairly
low in this sample at this age; it will be important to consider
the interrelationships between physical activity Alzheimer’s
disease-related neurodegeneration and WMHYV changes as
the cohort ages and expected pathology increases.

The sample is based on the longest continuously running
birth cohort, which has multiple prospective measures of
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physical activity spanning over 30 years. This enabled us to
tease apart potential important effects of patterns LTPA in
the life course. Other strengths include the embedded range
of in vivo Alzheimer’s disease-related neurodegeneration in-
dices such as AB, hippocampal volume and CT.

However, it is also important to consider the role of other
dementia-related pathways that may be involved in confer-
ring beneficial physical activity effects. For example, animal
studies have indicated a role of tau pathways, increased
clearance of toxins and microglial activation through glym-
phatic systems, changes to cerebral blood flow and cerebro-
vascular health, glucose and Ap metabolism, maintenance of
motor networks, neuroinflammation and regulation in neu-
romodulators and neurotrophic factors.*”>¢%-%%

Similar to all longitudinal studies, there was a dispropor-
tional attrition of participants who were disadvantaged,
regarding lower SEP, education attainment and childhood
cognition,”*®* which was even more selected in the
neuroimaging sub-sample. Second, data on physical activity
in this study is fairly crude and only represents self-reported
leisure-time physical activity, not occupational physical
activity, or PA involved in housekeeping and other physical
activities. It also does not take into account objective mea-
sures of physical activity, cardiorespiratory fitness®* exercise
adherence, exercise intensity or duration or associated life-
style factors® or effects of resistance exercises, which may
show the most beneficial effects on cognition.*®

Continued follow-up in the cohort, as some individuals in
the cohort will go on to develop Alzheimer’s disease-related
symptoms, will be invaluable in providing insight into
whether physical activity confers effects directly on pro-
gression of disease markers, and whether physical activity
buffers effects of cognitive deterioration in the presence of
disease markers that cause dementia, ultimately delaying
dementia onset, in line with theories of cognitive reserve.®®

Conclusion

Our findings suggest that engaging in LTPA is associated
with larger hippocampal volumes and better cognitive func-
tioning at age 70, even in individuals with early Alzheimer’s
disease biomarkers. Women seemed to have a greater sensi-
tivity to physical inactivity. If replicated, our findings empha-
size the importance of promoting LTPA at all life stages, and
in turn this may confer beneficial effects to brain health via
multiple pathways, including the preservation of hippocam-
pal volume,’° as well as building brain and cognitive resili-
ence'” to delay cognitive manifestations of early markers
of Alzheimer’s disease. Public health policies should empha-
size creating supportive environments and educating the
public on the cognitive benefits of lifelong physical activity
to potentially reduce the symptomatic burden of
Alzheimer’s disease. Our findings warrant further research
to shed light on the mechanisms of physical activity as a po-
tential disease-modifying intervention to delay the impairing
symptoms of dementia.

S.N. James et al.

Supplementary material

Supplementary material is available at Brain Communications
online.
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