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Results
A significant cluster was found in the frequency interval
[10.75–13 Hz] mainly comprising posterior regions of
the brain (see Fig. 1a and Table 2). The power in all fre-
quencies of this interval positively correlated with TPA
across the whole sample (rho = 0.360, p < 0.0001). The
maximum cluster size was found at 11.75 Hz (220
nodes). The cluster size oscillates between a minimum
of 67 nodes at the beginning of the frequency range and
14 at the end of that frequency range (see Fig. 1b). 11.75
Hz showed the highest average correlation coefficient
value across all nodes of the cluster; rho = 0.3029.
The correlation between TPA and power in the [10.75–

13Hz] interval within the cluster generated in the previ-
ous step remained significant for both genotype groups
(E3/E3: rho = 0.326, p = 0.004; E3/E4: rho = 0.442, p =

0.007; see Fig. 1c) and for younger adults (rho = 0.456, p <
0.001), although not for older adults (rho = 0.234, p =
0.105; Fig. 1d). In this line, only the moderator effect of
age, but not that of E3/E4, was significant (respectively,
p = 0.030 and p = 0.923). When both factors were simul-
taneously considered, only young E3/E3 (rho = 0.487, p <
0.001) and old E3/E4 (rho = 0.603, p = 0.013) presented a
significant correlation (Fig. 1e). Importantly, there were
no significant differences in power in the [10.75–13Hz]
range among the four subgroups.
The average power value of the significant cluster was

used for new correlation analyses in younger E3/E3 and
older E3/E4. Alpha power in posterior brain regions corre-
lated with preserved brain structure and improved work-
ing and episodic memory, but only among older E3/E4.
The complete set of correlations is displayed in Table 3.

Fig. 1 Significant cluster at 10.75–13 Hz. The brain regions comprised within the significant cluster (depicted in red; a), the evolution of the
cluster size through the different frequency steps (b; maximum size at 11.75 Hz), and the scatter plots showing the correlation between the
cluster’s average power (AvgPow) and total physical activity (TPA) and each genotype subgroup of the sample (APOE� 4 carriers—APOE 34—and
non-carriers—APOE 33; c), each age group (younger and older adults; d), and all four subgroups (e)
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Discussion
The slowing of background brain activity, usually de-
fined as a shift to the left in the power spectrum, is a
consolidated marker of aging and brain disease which
has been used to monitor pathological progression along
the AD continuum. In this study, we aimed to
characterize the relationship between PA and activity in
the alpha band, and the role of age and APOE ε4 car-
riage as potential moderators of this relationship. In a
previous publication, we reported that greater self-
reported PA was significantly associated with greater
alpha peak frequencies in older adults. Moreover, we
were able to observe that such relationship remained sig-
nificant only among E3/E3, although the small sample
size in the E3/E4 group did not allow us to reach a def-
inite conclusion [25]. In this study, taking a different ap-
proach, we have been able to detect a positive
relationship between objectively measured PA (in terms
of total volume) and power in the alpha band in a cluster
comprising mainly occipital and parietal regions, which
are classic sources of this brain rhythm. More import-
antly, this effect persisted in both E3/E4 and E3/E3.
However, when we split the sample into younger and
older adults, only younger adults exhibited greater alpha
power at greater PA volumes. Interestingly, when we
further divided the sample considering both risk factors
combined (age and genotype), only young E3/E3 and old
E3/E4 showed the beneficial association with PA.
Late onset Alzheimer’s disease is a multifactorial dis-

ease, which means that different risk and protective, en-
vironmental, and genetic factors interact throughout the
lifespan to determine the likelihood that an individual
will develop the disease. PA has been well-established as
an important neuroprotective element that has the po-
tential to decrease AD risk and improve AD-related
neuropathological burden [6, 17, 53]. In fact, both
greater power in the alpha band and a more active

lifestyle have been reported to be associated to an indi-
vidual’s capacity to generate long-term potentiation-like
synaptic plasticity [65]. PA presents the advantage of be-
ing a modifiable lifestyle variable. Individuals can pur-
posefully increase their PA levels in order to improve
their health outcomes. On the other side, age and APOE
ε4 carriage are considered the two non-modifiable risk
factors for AD that have the greatest impact on the
probability that an individual will develop AD [19, 42].
For this reason, it is important to understand how these
elements interplay to shape brain structure and function.
As it has already been mentioned, increasing age is as-

sociated with greater risk for AD and lower power in the
alpha band at rest. Here, we report that the potentially
protective association between PA and greater alpha
power is stronger in younger adults (48–59 years). This
finding does not necessarily contradict the previous find-
ing showing that the alpha peak frequency at rest was
higher in highly active older adults. Both features (alpha
peak and alpha power) are closely related, and they are
affected by the same processes that cause the loss of
(mainly cholinergic) synapses [16, 51, 55]. Still, they re-
flect distinct aspects of the same phenomenon, which
could be differentially modulated by various external fac-
tors along the disease continuum. Power is highly influ-
enced by the number of simultaneously active synapses.
Even in the absence of brain disease, aging is character-
ized by a reduction in power in high frequencies [30].
Therefore, PA might not be able to increase power as ef-
fectively in older adults, due to neuronal damage inher-
ent to aging. However, it seems to still be able to exert a
positive effect, as reflected by a positive association with
the peak frequency. In fact, the power frequency range
we found to be associated with PA levels (10.75–13 Hz)
does not overlap with (it is higher than) the average
alpha peak previously reported for healthy adults [26].
Other studies, however, have reported that acute PA

(e.g., a single bout of aerobic exercise) has a greater ef-
fect on spectral measures [15] and cognitive outcomes
[8] in older adults, although Moraes et al. [48] only
found significant effects in young adults. The acute
neurophysiological response to PA, especially the en-
hancement of theta activity, is believed to serve a cogni-
tive function to overcome exercise-related cognitive
challenges [34]. In these studies, older individuals pre-
sented lower baseline power across different frequency
ranges (alpha, theta, and delta) than younger individuals.
The increase in power produced by acute PA, which im-
mediately reverts after exercise ceases [40, 41], was
greater in older individuals, while still not reaching the
power levels featured by younger participants. Therefore,
there seems to be more room for improvement among
older adults, which is promoted by acute PA. However,
habitual engagement in PA could possibly have greater

Table 3 Average power correlations

Variable OLD34 YOUNG33

N Rho p value n Rho p value

Total gray matter 16 0.624 0.012* 43 − 0.017 0.915

Precuneus 16 0.515 0.044* 42 0.117 0.460

Hippocampus 16 0.271 0.310 43 − 0.081 0.605

Episodic memory 11 0.881 < 0.001* 43 0.181 0.246

Working memory 16 0.587 0.017* 43 − 0.220 0.156

Results for the Spearman correlation analyses between average power in the
significant cluster and different measures of structural integrity and memory
performance, including total gray matter (GM), hippocampus, and precuneus volumes
(bilateral average, in mm3); episodic memory (Logical Memory II Index: immediate and
delayed recall for gist); and working memory (Digit Span Index: direct and reverse).
Correlation analyses were carried out for the two subgroups that showed a positive
relationship between physical activity and alpha power in the significant cluster: old
E3/E4—OLD34—and young E3/E3—YOUNG33. P values lower than 0,05 are indicated
with an asterisk and marked in bold. Only old E3/E4 presented an association
between alpha power and cognitive performance/GM volumes
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