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Physical activity (PA) and Alzheimer’s disease are associated. However, how PA

influences the cerebral β-amyloid (Aβ) burden remains unclear. The aim of this study was

to determine if PA levels and/or functional capacity (FC) are associated with Aβ plaque

deposition, and whether these associations differed according to APOE-ε4 genotype.

A total of 117 women (69.7 ± 2.6 years; 33.3% APOE-ε4-carriers) from the Women’s

Healthy Ageing Project cohort (WHAP) were analyzed. PA was measured using the

International Physical Activity Questionnaire and, FC was evaluated using the Timed

Up and Go test (TUGt). Positron emission tomography with F-18 Florbetaben was

carried out to assess cerebral Aβ burden, and quantified using standardized uptake value

rations. The sample was split into PA and TUGt tertiles (T1, T2 and T3), and compared

according to APOE-ε4 genotype (positive/negative). There were no significant differences

in Aβ accumulation according to PA tertiles and APOE-ε4 genotype. Regarding FC,

APOE-ε4+ participants in the first TUGt tertile (high performance) obtained significant

lower Aβ accumulations compared with the other two tertiles (p < 0.05). Comparing

between genotypes, greater Aβ depositions were found between T2 and T3 in APOE-ε4+

comparedwith those whowere APOE-ε4– (p< 0.05). Values of TUGt≥ 6.5 s (APOE-ε4+)

and 8.5 s (APOE-ε4–) were associated with an increased risk of having higher Aβ

retention. In conclusion, low performance in TUGt is associated with a negative effect

on brain pathology with increasing cerebral Aβ depositions in older women who are

APOE-ε4+. In physically active older women (> 600 METs·min/week), higher PA levels

are not associated with reduction in Aβ depositions.
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INTRODUCTION

The accumulation of amyloid beta (Aβ) peptides in the
brain is recognized as the earliest detectable pathophysiological
abnormality in Alzheimer’s disease (AD) (Gandy, 2005). Previous
studies have observed how cognitively healthy people, with a
predisposition to accumulate Aβ brain, can begin to experience
progressive increases in the retention of this peptide even 20 years
before reaching the thresholds for amyloidosis (Rowe et al., 2010;
Perani et al., 2014).

Among principal non-modifiable AD risk factors, age is the
most well-known factor, showing an almost exponential increase
with advancing age, especially in female sex, following by family
history and genetics (e.g., APOE-ε4 carriers) (Livingston et al.,
2020). However, in the absence of disease-modifying therapies
for AD, there is a necessity to identify modifiable risk factors that
may delay and even prevent disease.

Increasing regular exercise is considered a protective
component against cognitive decline and AD (Rabin et al.,
2019; Livingston et al., 2020), and is now recommended in the
WHO report (WHO, 2019) on preventing dementia, since it
improves cerebral perfusion, reduces neuronal loss, improves
brain plasticity and preserves brain volume (Valenzuela et al.,
2020), besides being an independent factor of cardiovascular
health (Rabin et al., 2019). Nevertheless, there are limitations
in assessing physical activity (PA) using objective methods,
which often do not reflect personal physical performance. In
this sense, evaluation of functional capacity (FC) has been
identified as an objective measure which is a reflection of
individual fitness, positively associated with many indices of
health, and as early predictive factor of brain deterioration
(Erickson et al., 2014; Rabin et al., 2019). However, information
on the associations between PA and FC with biomarkers of AD
has not been consistently replicated, particularly regarding Aβ

brain deposition. The objective of this study was to determine if
PA levels and/or FC are associated with Aβ plaque deposition in
older women, and whether these associations differed according
to APOE-ε4 genotype.

METHODS

Sample
All data for the present study were collected from theWHAP
cohort. The complete methodology of the WHAP has been
described elsewhere (Szoeke et al., 2016). In brief, WHAP
started in 1992, when 438 Australian women (aged between 45
and 55 years) were selected by random population sampling
and enrolled into a prospective longitudinal follow up study.
In the present study, participants who completed brain MRI
scan plus Positron Emission Tomography (PET), completed
a PA questionnaire and carried out a FC test in 2012 data
collection were eligible for inclusion in the analysis (see
Supplementary Figure 1). To make maximum use of the data,
all valid data on PA and FC were included in this report.
Consequently, sample sizes vary for the PA analysis (n = 117)
and FC analysis (n= 98).

The study protocol for theWHAP project was approved by the
University ofMelbourneHumanResearch Ethics Committee and
fully compliant with the guidelines of the National Health and
Medical Research Council ethical standards (HREC 931149X,
1034765, 110525, 1339373, 010411, 1647448 & 1750632) and was
carried out in accordance with the Declaration of Helsinki. All
subjects provided written informed consent before participation.

Cerebral Imaging
Data from PET scan were conducted with participants receiving
250 MBq of F-18 Florbetaben intravenously, with a 20min
acquisition commencing 90min post injection. Standardized
Uptake Values (SUV) were calculated for all brain regions
examined and SUV ratios (SUVRs) generated by normalizing
regional SUV using the cerebellar cortex. Neocortical SUVRs, a
global measure of Aβ burden, is expressed as the average SUVRs
of the area-weighted mean of frontal, superior parietal, lateral
temporal, lateral occipital and anterior and posterior cingulate
regions (Szoeke et al., 2016). A SUVRs threshold of 1.2 or greater
was used to discriminate participants with an intermediate brain
Aβ load (+SUVRs). Similar threshold value was identified in
previous studies (Ciarmiello et al., 2019; Kim et al., 2020).

Physical Activity and Functional Capacity
Data on PA were collected using the International Physical
Activity Questionnaire (IPAQ) (Craig et al., 2003). The reported
minutes per week in four activity domains (work-related
PA, transportation PA, domestic PA, and recreational PA)
were multiplied by the metabolic equivalent (MET) score
(METs·min/week), based on the intensity of the activity
being undertaken.

Data on FC were evaluated using the Timed Up and Go test
(TUGt) (Podsiadlo and Richardson, 1991). The TUGt measures
the time (in seconds) taken to rise from a seated position,
walk 3 meters from the chair, walk back to the chair and sit
down again. A shorter time to complete this test reflects better
physical performance.

In the current study, participants were separated into tertiles
(T1, T2 and T3) dependent upon IPAQ and TUGt based on the
calculated scores.

Confounders
Potential confounders were selected from the literature and
included age, body mass index (BMI; kg/m2), educational level
(> 12 years), physical activity, cognitive status (assessed using
Mini-Mental State Examination [MMSE]) (Folstein et al., 1975),
cardiovascular disease risk (assessed using Framingham score for
cardiovascular risk) (Kannel et al., 1976), and APOE-ε4 genotype
(positive [APOE-ε4+] or negative [APOE-ε4–]). All analyses
presented are adjusted for these covariates.

Statistical Analysis
All statistical analyses were conducted using statistical package
for the social sciences (SPSS) version 24.0 (SPSS Inc., Chicago,
IL, USA). The normal distribution of the variables was examined
with the Kolmogorov-Smirnov test. Since SUVRs variable
was not normally distributed, non-parametric statistic was

Frontiers in Aging Neuroscience | www.frontiersin.org 2 July 2021 | Volume 13 | Article 697528

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Pedrero-Chamizo et al. Functional Capacity and Brain Aβ Concentrations

TABLE 1 | Participant characteristics.

Overall (n = 117)

Age at testing (years) 69.7 ± 2.6

APOE ε4 carrier n (%) 39 (33.3%)

Body mass index (kg/m2 ) 28.3 ± 5.5

Energy expenditure (METs·min/week)‡ 4070 (2129 – 7332)

TUG test (seconds)† 7.6 ± 1.7

MMSE (score) 28.5 ± 1.4

Past smokers n (%) 45 (38.5)

Current smoker n (%) 10 (8.5%)

Alcohol intake (≤2 drinks/week) 46 (39.3%)

Education (≤12 years) n (%) 65 (55.6%)

APOE, apolipoprotein E; METs, metabolic equivalent score; MMSE, Mini Mental State

Exam; TUG, Timed up and go.

Values are expressed as mean ± standard deviation unless otherwise indicated.
‡Value is expressed as median (interquartile range).
†TUG values on a sample of 98 subjects.

utilized. Spearman correlation coefficient was used to examine
associations among IPAQ, TUGt, APOE-ε4 genotype, and
SUVRs. Differences in the mean SUVRs across IPAQ tertiles
and TUGt tertiles were analyzed using Kruskal-Wallis test and
Mann-Whitney U-test. A receiver operating characteristic (ROC)
curve was generated and the Youden index was used to identify
optimal cut-off points which were related with an increased risk
of suffering +SUVR (SUVRs ≥ 1.2). Due to the fact that APOE-
ε4 genotype shows an interaction with Aβ levels, this analysis
was carried out separately obtaining two differences cut-off
points according to APOE-ε4 genotype. Binary logistic regression
analyses were performed to examine associations between TUGt
cut-off and different thresholds for amyloid positivity, according
to previous studies (Villemagne et al., 2011; Duara et al., 2019).
Odds ratios with 95% confidence intervals (CI) are reported for
the studying models. Model I included the independent variable.
Model II incorporated all confounders. Statistical significance
was set at p < 0.05.

RESULTS

Sample Characteristics
The study participants had a mean age of 69.7± 2.6 years and the
33.3% of the sample was APOE-ε4+. Participant characteristics
are displayed in Table 1. SUVRs correlated significantly with
APOE-ε4 genotype (Spearman’s rho= 0.234, p< 0.05) and TUGt
values (Spearman’s rho= 0.255, p < 0.05).

Association Between PA and Aβ Brain
Concentrations
The sample was split into tertiles according to IPAQ scores. The
first tertile (T1) was composed of subjects who reported the
lowest activity (IPAQ < 2769 METs·min/week) while subjects
reporting the highest activity were allocated to T3 (IPAQ > 6492
METs·min/week). All subjects, except for one person, met the
current PA guidelines (≥ 600 METs·min/week) as per the IPAQ
and WHO (Craig et al., 2003; Bull et al., 2020). There were no

statistical differences according to age, MMSE and BMI, neither
among tertiles nor between APOE-ε4 genotype (p > 0.05).

Analyzing SUVRs between tertiles, we can observe similar
values between them (p> 0.05). When the sample was compared
taking into account the APOE-ε4 genotype, again no significant
differences were observed in Aβ brain concentrations. In the
same way, comparing SUVRs between APOE-ε4 genotypes
(positive vs. negative) in each tertile, no statistically significant
differences were found except for APOE-ε4+ participants placed
in T1 who showed a tendency to accumulate greater cerebral Aβ

deposits compared to APOE-ε4– allocated in the same tertile (p
< 0.1) (Supplementary Figure 2).

Association Between FC and Aβ Brain
Concentrations
The sample was split into tertiles according to TUGt values.
Individuals placed in T1 performed TUGt in lesser time than
subjects allocated to T3, showing a better performance of T1 with
respect to T3 (T1: TUGt < 7.0 s; T3: TUGt > 7.99 s). The 23.5%
of the sample obtained values for the TUGt higher than the mean
of the reference values published for healthy women over 60 years
old (TUGt> 8.87 s) (Long et al., 2019), denoting that themajority
of the cohort (76.5%) maintains an optimal functional mobility,
especially participants allocated in the first tertile.

Statistically significant differences were observed in brain
Aβ deposits among tertiles (p = 0.016, see Figure 1). When
the cohort was split according to TUGt tertiles and APOE-ε4
genotypes (Figure 2), APOE-ε4– participants obtained similar
brain concentrations of Aβ among tertiles, except for subjects
in T3 who showed a trend to accumulate greater cerebral
Aβ deposits compared to T1 (p = 0.97) (data not shown).
Regarding to APOE-ε4+, participants placed in T1 accumulated
significantly lower Aβ levels compared with the other two tertiles
(p < 0.05 in both cases). When SUVRs were compared between
APOE-ε4 genotypes and according to TUGt tertiles, APOE-ε4+
subjects placed in T2 and T3 obtained significantly higher Aβ

brain concentrations compared with APOE-ε4–subjects (p <

0.05), as shows in Figure 2.
ROC curve analysis demonstrates an area under the

curve (AUC) of 0.621 and 0.644 (APOE-ε4+ and APOE-ε4–,
respectively). The Youden index identified optimal cut-off
values; a threshold of 6.5 s (APOE-ε4+) and 8.5 s (APOE-ε4–)
maximizes sensitivity and specificity of the TUGt performance as
a tool for discriminating participants with an intermediate brain
Aβ load (+SUVRs≥ 1.2). A binary logistic regression examining
the association between TUGt cut-off points and +SUVR was
carried out. Participants whose TUGt performance was slower
than cut-off points were associated with 6.0-fold higher odds
(95%CI = 1.962–18.644) for having +SUVRs compared with
those performing TUGt faster than cut-off points (Table 2). The
adjustment for confounders (Model II) did not significantly
change this result. In addition, a new binary logistic regression
was run to analysis the association between TUGt cut-off points
proposed and amyloidosis cut-off points reported by other
authors (Villemagne et al., 2011; Duara et al., 2019) obtaining
similar results (see Table 2).
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FIGURE 1 | Mean standardized uptake value ratios (SUVRs) according to timed up and go test (TUGt) tertiles.

DISCUSSION

This study evaluated associations between PA (measured by
IPAQ) and FC (measured by TUGt) and cerebral Aβ deposition
(assessed using F-18 florbetaben) in older women from the
WHAP cohort. The main findings of the present study are:
(1) in physically active older women (> 600 METs·min/week),
higher PA levels are not associated with reduction in cerebral Aβ

deposition; (2) better performance in the TUGt is associated with

lower Aβ brain deposition in APOE-ε4+; (3) a high PA level and

faster TUGt results appear to lead to less cerebral Aβ retention in

APOE-ε4+; (4) TUGt results slower than 6.5 (APOE-ε4+) and

8.5 s (APOE-ε4–) are associated with an increased risk of amyloid
accumulation at levels above the accepted normal range.

Physical inactivity has been identified as a risk factor on
various chronic diseases and has been associated with a higher
risk of mortality (Kyu et al., 2016; Ekelund et al., 2020),
while an active lifestyle has been associated with numerous
benefits. Regarding AD-biomarkers, few studies have evaluated
the potential benefits of habitual PA on Aβ brain concentrations
not finding a significant association between cerebral Aβ

concentrations and PA in the majority of studies (Landau et al.,
2012; Okonkwo et al., 2014; Wirth et al., 2014; Schultz et al.,
2015; Frederiksen et al., 2019). Nevertheless, some factors such
as APOE-ε4 genotype can influence this association and not all
studies took this into account. Brown et al. (2013) evaluated
the association between PA and amyloid brain depositions in

a cohort of 116 older people and did not find significant
associations when the cohort was analysis on the whole; however,
when the sample was stratified by genotypes, APOE-ε4+
participants with more active lifestyle showed significant lower
cerebral Aβ concentrations than their counterparts. Conversely,
our findings did not find associations between PA levels and
cerebral Aβ accumulations, not even when the sample was split
into APOE-ε4 genotypes, corroborating results presented in
other observational studies (Vemuri et al., 2012; de Souto Barreto
et al., 2015).

Another important factor to take into account is the PA level
from which the individual starts. Previous studies (Kyu et al.,
2016; Ekelund et al., 2020) have observed that the greatest health
benefits are obtained by people whose activity level is greater
than the 600 METs·min/week recommended by the WHO (Bull
et al., 2020). In relation to cerebral Aβ concentrations, similar
results were reported. Liang et al. (2010) evaluated the association
of exercise on AD-biomarkers concluding that individuals who
satisfied the American Heart Association’s physical exercise
recommendation for older adults (≥ 7.5 METs-h/week) (Nelson
et al., 2007) accumulated lower cerebral Aβ concentrations
compared with physically inactive elderly. Similar results were
found in other studies (Head et al., 2012; Okonkwo et al.,
2014) among which we can highlight the study by Head et al.
(2012), in which a greater effect of exercise was observed on
brain concentrations of Aβ in APOE-ε4+ physically inactive
participants. When analyzing our results, we observed that the
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FIGURE 2 | Mean standardized uptake value ratios (SUVRs) according to timed up and go test (TUGt) tertiles and APOE-ε4 genotypes.

entire sample was physically active. This fact could explain
the lack of statistical significance between the variables, since
the main differences in relation to Aβ retention have been
observed comparing people who meet the PA recommendations
vs. people who do not meet them. Moreover, previous studies
have established that the most health gains occur at relatively
lower levels of activity (> 600 METs·min/week) up to 3000
METs·min/week, approximately (Kyu et al., 2016; Ekelund et al.,
2020). In our case, participants performed a habitual PA equal to
or even higher than these thresholds, with the exception of one
woman, elucidating that it is a cohort with a very active lifestyle
and, though these PA cut-off points are not specific for brain
amyloidosis risk, it may be influenced in the same way.

Although PA and FC are related, they are separate
physiological and behavioral measures that can explain different
aspects and predict various health outcomes. Physical activity
has been defined as any bodily movement that results in energy
expenditure (Caspersen et al., 1985) while FC reflects the ability
to perform activities of daily living (Lawton and Brody, 1969). In
this sense, FC requires integrated efforts of the cardiopulmonary
and skeletal muscle systems, providing important diagnostic and

prognostic information in clinical and research settings (Arena
et al., 2007), especially when it is assessment by physical tests as
objective measure of physical capacity instead of questionnaires.

The most common test to assess FC in relation to
brain Aβ load is gait speed. Slow walking speed has been
considered a predictor of cognitive decline, dementia, disability,
neuropathologies, and even death (Abellan van Kan et al., 2009;
Wennberg et al., 2017). Few human studies have examined
the association between cerebral Aβ load and gait speed and
functional mobility, finding inmost studies a stronger association
between greater cerebral Aβ and lower extremity motor decline
and poorer performance on multiple gait parameters among
people without dementia (Nadkarni et al., 2017; Tian et al., 2017;
Wennberg et al., 2017).

In this study FC was evaluated through the TUGt. It has a
high correlation with other validated tests that measure pure gait
speed (Bohannon, 2006), and it is appropriated for evaluating
functional mobility and dynamic balance. According to our
results, the TUGt evaluation showed very interesting findings
with slower TUGt performance associated with greater cerebral
Aβ depositions in APOE-ε4+. In addition, a positive trend was
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TABLE 2 | Binary logistic regression examining the association between TUGt

cut-off points and different thresholds for amyloid positivity.

Amyloid positive

thresholds

Risk values of TUGtδ

OR (95% CI)

p value

Cut-off ≥ 1.20 SUVRs Model I 6.05 (1.96 – 18.64) 0.002

Model II 8.12 (2.26 – 29.19) 0.001

Cut-off ≥ 1.31 SUVRs† Model I 4.12 (1.17 – 14.53) 0.027

Model II 4.97 (1.22 – 20.22) 0.025

Cut-off ≥ 1.40 SUVRs‡ Model I 7.35 (1.47 – 36.80) 0.015

Model II 17.21 (2.12 – 139.86) 0.008

Cut-off ≥ 1.42 SUVRs† Model I 6.23 (1.22 – 31.82) 0.028

Model II 17.21 (2.12 – 139.86) 0.008

CI, confident interval; OR, odds ratio; SUVRs, standardized uptake values ratios; TUGt,

timed up and go test.
†Amyloid positivity threshold by Duara et al., 2019; ‡Amyloid positivity threshold by

Villemagne et al., 2011. δTUGt cut-off points: ≥ 6.5 s (APOE-ε4+) and ≥ 8.5 s (APOE-

ε4–).

Model I, included the independent TUGt cut-off variable; Model II, adjusted by age, BMI,

physical activity (IPAQ score), education (>12 years), cognitive status (MMSE score), and

cardiovascular disease risk (Framingham score).

observed when comparing T1 and T3 in APOE-ε4–; however,
this association did not reach statistical significance. In extension
of these findings, the results of our study further affirm that
cognitively healthy women who preserve a good reserve of
functional mobility are associated with optimal levels of brain Aβ,
especially for those with an APOE-ε4 risk genotype. Nevertheless,
our findings are not supported by all authors. Dao et al. (2019)
found that Aβ deposition was not associated with the TUGt.
However, this study assessed a relatively small sample, in addition
to not stratifying by sex and APOE genotype, both APOE-ε4+
and women being strongly associated with cerebral Aβ retention
and functional mobility (Wennberg et al., 2017; Szoeke et al.,
2019).

An interesting observation from our results is that women
obtaining higher performance in TUGt (T1) maintain lower
cerebral Aβ concentrations, regardless of APOE-ε4 genotype. In
contrast, slower results in TUGt were associated with greater
cerebral Aβ depositions in APOE-ε4+ participants, who had
a significantly greater amyloid accrual compared to APOE-ε4–
women placed in the same tertile (T2 and T3). Previous studies in
this area have observed that those with the APOE-ε4+ genotype
tend to accumulate higher amyloid loads than APOE-ε4–, at all
ages and at all cognitive impairment levels (Duara et al., 2019).
Our data suggest higher performance on functional mobility and
high PA levels attenuate the negative effect of APOE-ε4+ on
amyloid concentrations, slowing down brain Aβ accumulations
in accordance with previous studies (Head et al., 2012).

A novel aspect of our research is that we describe cut-off
points for TUGt which are related with an increase in the risk of
presenting an intermediate brain Aβ load (+SUVRs ≥ 1.2). We
decided to use a lower cut-off point than current thresholds for
amyloid positivity with the purposes of early diagnosis and thus
to afford opportunity for successful therapeutic interventions
aimed at delaying disease onset and limiting further neuronal
damage. To our knowledge, this is the first time that cut-off points
have been established for TUGt in relation to the risk of suffering

from amyloidosis. Our results indicate that slower values at the
established cut-off points are associated with a greater risk of
having high brain concentrations of amyloid.

Given the strong relationship between functional mobility and
cognition seen in this study also relates to measures of brain
pathology, other measures of FC and physical fitness known
to relate to later life frailty may be useful clinical tools to
help identify those at risk dementia. In this sense, TUGt is an
accessible and easy measurement that may be used in clinical
assessment. Further research could examine the specificity of
these measures for the later life development of dementia. It
will be necessary to have longitudinal studies to establish the
precise association between FC and Aβ brain concentrations and
the interaction with APOE-ε4 genotypes. Given we now know
that amyloid accumulates over 30 years, it will be essential to
examine PA over the prodrome of disease to understand if there
are particular therapeutic windows or at risk periods which are
relevant to proposed intervention.

We acknowledge this study had limitations. Whilst the
optimal questionnaires to evaluate PA was utilized, objective
measurement, such as accelerometer, could provide actual
measures of activity, although the duration of this would be
limited and there is evidence that when wearing the device,
participants change their behavior. The relatively modest number
of subjects included in the study is critical to the interpretation
and generalizability of the findings. Our significant findings in a
sample size around a hundred healthy women indicate that the
strength of the effect is large.

Finally, as we have only one measure of amyloid accumulation
we cannot address causality of these associations. Further
longitudinal studies are needed to determine whether FC level
predicts Aβ brain depositions, and human intervention studies
are required to observe if increasing exercise influences Aβ.

In conclusion, this study provides valuable information on
the association between PA and FC on AD risk. Our findings
suggest that PA levels higher than global recommendations and a
better performance on TUGt could be associated with slowing
down cerebral Aβ retention in APOE-ε4 carriers and with a
protective effect against brain Aβ depositions. Finally, TUGt
performance slower than cut-off points proposed increases the
risk of presenting an intermediate brain Aβ load (SUVRs ≥ 1.2).
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