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Abstract

Background Aerobic exercise remains one of the most promising approaches for enhancing
cognitive function in late adulthood, yet its potential positive effects on episodic memory
remain poorly understood and a matter of intense debate. Prior meta-analyses have reported
minimal improvements in episodic memory following aerobic exercise but have been limited
by restrictive inclusion criteria and infrequent examination of exercise parameters.
Methods We conducted a meta-analysis of randomized controlled trials to determine if
aerobic exercise influences episodic memory in late adulthood (M =70.82 years) and
examine possible moderators. Thirty-six studies met inclusion criteria, representing data from
2750 participants.

Results Here we show that aerobic exercise interventions are effective at improving episodic
memory (Hedges'g =0.28; p =0.002). Subgroup analyses revealed a moderating effect of
age (p = 0.027), with a significant effect for studies with a mean age between 55-68 but not
69-85. Mixed-effects analyses demonstrated a positive effect on episodic memory among
studies with a high percentage of females (65-100%), participants with normal cognition,
studies reporting intensity, studies with a no-contact or nonaerobic physical activity control
group, and studies prescribing >3900 total minutes of activity (range 540-8190 min).
Conclusions Aerobic exercise positively influences episodic memory among adults >55
years without dementia, with larger effects observed among various sample and intervention
characteristics—the clearest moderator being age. These results could have far-reaching
clinical and public health relevance, highlighting aerobic exercise as an accessible, non-
pharmaceutical intervention to improve episodic memory in late adulthood.
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Plain Language Summary

One of the earliest memory systems
to decline with increasing age is epi-
sodic memory. Episodic memory is
the remembrance of past personal
events and experiences. Given a lack
of pharmaceutical treatments to pre-
vent or reverse this deterioration, it is
important to  investigate non-
pharmaceutical methods for promot-
ing the integrity of episodic memory.
It remains unclear whether aerobic
exercise induces changes in episodic
memory. This study examined the
effects of aerobic exercise rando-
mized controlled trials on episodic
memory in older adults without
dementia and assessed whether the
effects depend on the characteristics
of the sample and intervention. We
found that aerobic exercise positively
with
larger effects observed among var-
ious sample and intervention char-

acteristics. These results highlight

influences episodic memory,

aerobic exercise as an accessible,
non-pharmaceutical intervention to
improve episodic memory in late
adulthood.
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ne of the earliest cognitive domains to decline with

increasing age and with Alzheimer’s disease (AD) is

episodic memory (EM)!2. Given that ~6.2 million adults
>65 years in the United States have AD? and the population of
adults >65 years is projected to reach 88 million by 20504, it is
increasingly important to study EM. EM is the remembrance of
past personal events and experiences, and it is supported by a
distributed network of cortical and subcortical brain structures,
including the involvement of the hippocampus and the pre-
frontal cortex!>6. A decline in EM is associated with a decrease
in the ability to perform activities of daily living and an increase
in social isolation”:8, Memory complaints often begin to occur
even in midlife, with about one in nine adults 245 years
reporting memory problems®. EM declines early in the aging
trajectory because the hippocampus is more susceptible to age-
related deterioration than other brain regions!®. Greater hippo-
campal volume is important because reduced hippocampal
volume is associated with conversion to AD over a 2.4-year
follow-up among older adults with mild cognitive impairment
(MCI), the transitional phase between normal cognition (NC)
and dementia, and among older adults with subjective cognitive
decline (SCD; i.e., self-reported memory problems)!112. Given a
lack of pharmaceutical treatments to prevent or reverse this
deterioration, it is important to investigate non-pharmaceutical
methods for promoting the integrity of the hippocampus and
EM with increasing age.

Fortunately, participation in aerobic exercise (AE) improves
markers of brain health that otherwise decline with age and that
are associated with an increased risk for AD!3. AE is a form of
physical activity that is structured, planned, repetitive, and
performed at an intensity that maintains or improves cardior-
espiratory fitness!4. Cross-sectional, longitudinal, and rando-
mized controlled trials (RCTSs) in older adults demonstrate that
AE increases hippocampal gray matter volume!®, hippocampal
blood volume!®, and hippocampal functional connectivity!”. AE
also strengthens functional connectivity of the hippocampus to
the default mode network, a hippocampal-cortical brain net-
work that spans the medial and lateral surfaces of the prefrontal,
parietal, and temporal cortices!”. Further, the default network
shows reduced functional connectivity with aging and predicts
later cognitive impairment!®19. These data suggest that regular
exercise may be a low-cost, scalable, and highly accessible
treatment to either enhance hippocampal-related function or
prevent/delay the risk for hippocampal degeneration typical of
aging and early stages of pathological cognitive decline.

Despite the distinct benefits of AE on the hippocampus??, it
remains unclear whether AE induces changes in the cognitive
functions supported by the hippocampus, namely EM. Although
rodent studies provide irrefutable evidence that AE enhances
hippocampal-related memory task performance, the results are
more equivocal in humans?!22, While some RCTs have found
significant improvements in EM among older adults with and
without cognitive impairment?3-2, others have failed to find an
effect?®27. Several meta-analyses have summarized the findings
from these RCTs and found no benefits of AE on EM among
older adults with or without cognitive decline?8-33,

Several limitations of the aforementioned meta-analyses qualify
and complicate the interpretation of these null results. First, prior
meta-analyses used restricted inclusion criteria, limiting the
analyses to studies of either only individuals with NC or only
individuals with MCI. By examining each group in isolation, we
may miss important information about the trajectory of cognitive
aging that would help determine when exercise could be most
beneficial. Second, the aforementioned reviews offer little infor-
mation about the optimal dose of AE, such as intervention length,
for positively influencing EM in particular. Determining the doses

necessary for improving EM has both theoretical and practical
value, as it could help inform mechanistic explanations as well as
future interventions and health professionals about levels of AE to
prescribe. Additionally, sample characteristics, such as sex dis-
tribution, were often overlooked in previous analyses. Numerous
RCTs have shown that AE elicits greater cognitive benefits in
females than in males?#3%. Further, females tend to outperform
males on tests of EM, and males experience greater incidence
rates of EM decline than females3%-37. Thus, pooling studies with
different sample and intervention characteristics may increase
heterogeneity and mask significant effects. Third, some of the
aforementioned reviews examine the broader domain of memory,
which often includes working memory tasks and other tasks not
specific to EM. Lastly, 15 relevant studies have been published
since the last meta-analysis3’. Consequently, there is a need for a
more complete summary of the available evidence of older adults
without dementia, with a focus on the impact of sample and
intervention characteristics.

To address the gaps in previous meta-analyses, the current
meta-analysis examined dose parameters as potential moderators
of the effect of AE on EM and included studies of all adults with a
mean age =55 years without dementia, encompassing the trajec-
tory of cognitive aging from NC to MCI Thus, this study
addresses the following two aims: (1) examine the effects of AE
RCTs on EM in adults 255 years without dementia; and (2) assess
whether any of the following characteristics of the sample and
intervention moderate the effect of AE on EM: sex distribution,
cognitive status, age, control group type, reporting of prescribed
intensity, intervention length, session duration, session frequency,
and intervention volume. We predicted that AE would improve
EM and that this effect would be greater in NC, females, younger
ages, interventions with a no-contact control group, and inter-
ventions with greater amounts of prescribed exercise. Our results
show that AE positively influences EM, with larger effects
observed among various sample and intervention characteristics.
These results have far-reaching clinical and public health rele-
vance, highlighting the importance of implementing AE early on
in the aging process to help mitigate deficits in EM apparent in
healthy aging, AD, and other neurodegenerative diseases, such as
Parkinson’s disease and Huntington’s disease.

Methods

We conducted this meta-analysis in accordance with established
guidelines from Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA)38. Before conducting the search,
we registered the proposed meta-analysis on PROSPERO
(Registration number: CRD42020222666).

Inclusion and exclusion criteria. Studies were included if they
met the following criteria (see Table 1): (1) Studies of males and/
or females with a mean age of 55 years or older. All studies of
participants with NC, SCD, and MCI were included, regardless of
the diagnostic criteria used. Studies that included clinical samples
with other neurological or mental illnesses (e.g., dementia, stroke,
depression) were excluded; (2) RCTs of AE (including aerobic
dance and aerobic tai chi interventions). Studies that included
strength training, exergaming, or cognitive training as part of the
AE group were excluded because of their potential confounding
impact on cognition through nonaerobic mechanisms. One study
that produced three publications described their methods as
including some sessions in the anaerobic zone3?40. These pub-
lications were included here because the majority of the duration
of the intervention was conducted in the aerobic zone; (3) Con-
trol group type could include no contact, wait-list, stretching,
toning, balance, light resistance, education, or social interaction.
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Table 1 Inclusion criteria.

Parameter Inclusion criteria

Exclusion criteria

Participants
cognitive decline, or mild cognitive impairment
Intervention

Control
Outcomes
recognition, object memory, or paired associates

Study design  Any length, frequency, duration, volume, or intensity

Adults with a mean age of 55 years or older with normal cognition, subjective
Randomized controlled trial of an aerobic exercise intervention

No contact, wait-list, stretching, toning, balance, education, or social interaction
Episodic memory measure, including word list, story recall, face/name

Clinical samples (e.g., depression, dementia)

Strength training, exergaming, or cognitive training in
the aerobic group

Strength training, exergaming, or cognitive training
Composite score that did not exclusively assess
episodic memory

Did not isolate effects of aerobic group from

control group

Studies with strength training, exergaming, or cognitive training
in the control group were excluded; (4) EM measure consisting of
word list, story recall, face/name recognition, object memory, or
paired associates. Studies using only composite scores were
excluded if the composite score included a measure not satisfying
the EM criteria above; and (5) Study design of any length, fre-
quency, duration, volume, or intensity, but acute exercise inter-
ventions were excluded. Study design must have isolated the
effects of the aerobic group from the control group.

Search strategy. A literature search was conducted on April 1st,
2021, using the following databases: PubMed, CINAHL, EMBASE,
PsycINFO, and CENTRAL. The following combination of search
terms was used: memory OR recall OR verbal learning test OR
reminding test OR story recall OR list learning OR word list OR
paired associations AND randomized control trial* OR clinical trial
OR RCT AND exercise* OR physical activity OR physical training
AND aerobic AND older adult* OR aging OR aged OR elderly OR
geriatric OR cognitive impairment OR cognitive decline OR memory
decline (see Supplementary Data 1 for database-specific syntax). We
included only English-language articles. All articles published before
April 1st, 2021 were included. We identified additional titles by a
manual search of relevant journals (International Journal of Sports
Medicine, Frontiers in Aging Neuroscience, and British Journal of
Sports Medicine) and by identifying references in the six afore-
mentioned meta-analyses. All returned titles were uploaded to
Rayyan QCRI, a web application for systematic reviews*!. The first
author screened all returned titles to exclude duplicate studies. The
first and second authors independently screened the remaining 699
titles and abstracts for eligibility based on the inclusion criteria
described above. The authors agreed on the eligibility decision for
673 articles (96%); the first author resolved disagreements on the
remaining 26. If articles appeared to be eligible but did not provide
enough data to estimate an effect size or enough information about
the intervention, the first author contacted the study’s corre-
sponding author (k =9). Eight of the contacted authors were able to
provide the requested data (k=8). One of these studies included
both MCI and dementia patients, and the author provided the
requested data for only the patients with MCI*2 Six studies
included in previous meta-analyses were excluded from our analysis
for the following reasons: (1) did not include a measure primarily
evaluating EM!>43, (2) EM composite score included a measure
that was not primarily evaluating EM23, (3) AE group included
strength training?444, and 4) did not include a control group®>. In
sum, 36 studies measured EM following an AE intervention and
were included in the meta-analysis (Fig. 1).

Data extraction. All data were extracted and coded by the first
author (see Supplementary Table 1 for a full list of variables and
Supplementary Data 2 for the source data underlying all analyses,
figures, and tables). All extracted variables were reviewed by the
second author to ensure data accuracy. Where available, the pre

and post mean, the pre and post standard deviation, and the
sample size for the exercise and control groups at baseline (a
conservative intent-to-treat framework) were considered in the
calculation of effect size. When these data were not available,
change from baseline, the standard deviation of the mean change,
and the number of participants at each assessment for the exercise
and control groups was extracted. Consistent with previous meta-
analyses30, we assumed a moderate (0.5) correlation between
baseline and post-intervention values. Improvement in EM per-
formance was coded as a positive change score.

Data coding

Sample characteristics. Sex distribution, cognitive status, and age
were coded into categorical variables. Sex distribution was coded
using a median split: low (0-64% female) or high (65-100%
female). Cognitive status was coded into one of two categories—
normal or impaired—using the study-defined diagnosis. Mean
age was coded using a median split: young-old (55-68 years old)
or old-old (69-85 years old). For a list of studies and their coded
variables of interest, see Supplementary Data 3.

Intervention characteristics. Control group type, reporting of
prescribed intensity, intervention length, session duration, ses-
sion frequency, and intervention volume were coded into
categorical or ordinal variables. The possibility of finding effects
of an AE intervention relative to control is likely influenced by
features of the control group. Thus, we coded control group
type into three categories: no-contact (standard medical practice
or wait-list), inactive (inactive control condition not involving
any form of physical activity, such as education, painting, and
social interaction), or physically active (involving physical
activity without an aerobic component, such as stretching).
Due to the infrequency of studies adequately reporting
the prescribed intensity of the AE intervention, we categorized
prescribed intensity simply as reported or not reported.
Intervention length was coded as number of weeks and cate-
gorized into tertiles based on the distribution of included stu-
dies: short (6-17 weeks), medium (18-39 weeks), or long
(40-65 weeks). When intervention length was reported in
months, a conversion to weeks was calculated using the fol-
lowing criteria: 3 months =13 weeks, 4 months =17 weeks,
6 months=26 weeks, and 12 months =52 weeks. Session
duration was coded as the maximum number of minutes per
exercise session, including any time spent warming up and
cooling down. Session duration was coded using a median split:
short (15-45 min) or long (50-90 min). Session frequency was
coded into tertiles based on the distribution of included studies:
low (1-2 sessions/week), medium (3 sessions/week), and
high (4-7 sessions/week). When a study required a certain
number of in-person supervised sessions/week and encouraged
participants to exercise at home during the week, the number of
in-person supervised sessions was coded. Intervention volume
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Fig. 1 Prisma flow diagram. Adapted from: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for
Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097

was operationalized as total training minutes and calculated as
the product of the intervention length, frequency, and duration.
Intervention volume was coded into tertiles based on the dis-
tribution of included studies: low (<2100 total minutes), med-
ium (2100-3900 total minutes), or high (>3900 total minutes).

Quality assessment. The Physiotherapy Evidence Database
(PEDro) scale was used as a template to assess study quality
(Supplementary Table 2)46. This scale has been used extensively
in the evaluation of methodology of similar studies, and it is a
valid and reliable quality assessment tool#’->0, Study quality was
calculated by adding the total number of criteria met on the
checklist (possible range =0-11). The first author assessed the
quality of each study, and the second author reviewed the scores
to ensure accuracy. Although PEDro does not provide specific
instructions for classifying studies, the following criteria were
used in accordance with previous meta-analyses:*%°! scores 0-3
indicate poor-quality, scores 4-5 indicate fair-quality, and scores
6-11 indicate good- to excellent-quality.

Analyses. Comprehensive Meta-Analysis software (CMA; Ver-
sion 3) was used to transform the standard mean difference into
Hedges’ g and to calculate the variance and 95% confidence
interval (CI) for each study’s effect size>2. In studies with multiple
treatment groups, we extracted data only for AE or control
groups, excluding other intervention groups, such as those with
cognitive training or resistance training. The individual effect
sizes were then combined to create a summary effect size using
the inverse variance of the individual effect size as weights.

Therefore, studies did not contribute equally to the summary
effect size; rather, studies with greater variance (less precision) in
their effect size estimate contributed less to the summary effect
size than studies with smaller variance (greater precision). The
summary effect size was calculated using a random-effects model,
which assumes that each study has a different true effect size; we
expected different true effect sizes for each study since studies
were not matched on sample characteristics (e.g., age, cognitive
status) or study design (e.g., control group type, dose-parameters,
adherence) that could influence the magnitude of the effect size>2.

For Aim 1, CMA was used to calculate the overall mean effect
size of AE on EM by averaging across all measures of EM. Some
studies reported means for multiple measures of EM. In these
instances, we averaged the effect sizes across the measures and
components when estimating the mean effect size for that study.
Two studies produced two publications each that examined
different measures of EM that were combined for the purpose of
this analysis?>>3->>, In addition, one study produced three
publications examining overlapping and different measures of
EM using different subsamples; the overlapping measure was
included once using the largest subsample and the remaining
measures were included as separate studies for the purpose of this
analysis3>40:°6, A leave-one-out analysis was performed, where
each study was left out sequentially, to address whether a specific
study was influential in the effects of AE on EM. Supplementary
analyses were performed to calculate the overall mean effect size
of AE on memory scores (total recall across learning trials,
immediate recall, delayed recall, or recognition) and task
performance (word list or story recall).
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We tested for heterogeneity in the effect size by calculating the
Q-statistic. A Q-statistic with a p value < 0.05 suggests significant
heterogeneity in effect sizes. Significant heterogeneity indicates
that the true effect size differs between studies. If significant
heterogeneity was detected, an IZ statistic was then calculated to
estimate the percentage of the total variability in effect sizes across
studies due to true heterogeneity.

For Aim 2, we used CMA to conduct mixed-effects subgroup
analyses and meta-regression analyses to investigate the study-
specific variables that might moderate the strength of the effect
size across studies. Moderation effects were analyzed using the
following categorical moderators: sex distribution, cognitive
status, age, control group type, reported prescribed intensity,
intervention length, session duration, session frequency, and
intervention volume. First, the mixed-effects model was used to
estimate the within-subgroup effect sizes for each moderator.
Then, moderating effects were tested using Q-statistics to test the
heterogeneity between effect sizes of subgroups defined by each
moderator. The R? statistic, which denotes the proportion of the
true variance explained by the moderator, was obtained from the
meta-regression model as the effect size of the moderator. Finally,
the estimation of Hedges” g and its corresponding test for the zero
effect were conducted stratified by subgroup. All analyses were
conducted at the significance level of p < 0.05.

Sensitivity analyses. We performed a sensitivity analysis to
investigate the impact of study quality. It was expected that
higher-quality studies would provide more accurate effect size
estimates. Therefore, we re-ran the primary analysis to examine
whether any association changed when only high-quality stu-
dies were included (study quality score > 6). If meta-analytic
findings were primarily driven by poorer-quality studies, then
we would be more cautious when interpreting results. A sen-
sitivity analysis was also performed for sex distribution using a
cut-off of 50% (<50% female or >50% female). Sensitivity
analyses were also performed to assess whether a pre-post
correlation value of 0 or 0.9 impacted the results. A sensitivity
analysis was also performed to assess whether removing one
publication with a mean age less than 60 years impacted the
results®”. Lastly, a sensitivity analysis was conducted to assess
whether removing the three publications that included sessions
in the anaerobic zone impacted the results39:40-26,

Risk of bias. Publication bias was assessed by a funnel plot, Duval
and Tweedie’s Trim and Fill, Egger’s unweighted regression
asymmetry test, and the Copas selection method. Trim and Fill
uses an iterative process to remove the most extreme studies with
small sample sizes, recompute an unbiased estimate of the effect
size, and create a funnel plot that includes the observed studies
and the imputed studies. If the shift of the effect size is small, we
can be more confident that the reported effect is valid. A p value
of Egger’'s asymmetry test>0.05 indicates a symmetrical dis-
tribution of effect sizes and a low risk of publication bias. The
Copas selection model gradually increases the positive association
between the precision of a study and the probability that it is
included in the meta-analysis until the test for residual selection
bias is nonsignificant>®°%. The Copas selection model was con-
ducted at the significance level of 0.1 to test for residual selection
bias using the R package metasens®’.

Statistical power. A retrospective power calculation was con-
ducted for the moderating effects using the power.-
analysis.subgroup function from the R package dmetar®!. We
also computed the sample size required for a future RCT to
achieve 80% power for a two-sided t-test at the significance
level of p =0.05.

Results

Study characteristics. The initial search yielded a total of 1278
potentially relevant studies (Fig. 1). Of these, 36 RCTs met all
inclusion criteria, representing data from 2750 participants (see
Supplementary Data 4 for a list of studies). All included studies
provided information about our moderators of interest and were
published between April 1985-March 2021. Study sample sizes
across exercise and control groups ranged from 15-389 partici-
pants, with a mean sample size per group per study of 38. The
average age ranged from 59 to 85 years, with a sample-size-
weighted mean age of 70.82 years. Mean age was similar across
exercise (70.64) and control groups (71.01). Females comprised
66.40% of the participants across all studies. Twenty studies
included individuals with NC and 16 studies included individuals
with impaired cognition, consisting of 1 SCD and 15 MCI stu-
dies. One study involved a placebo in both the aerobic and
control groups®.

Effects of aerobic exercise on episodic memory. Figure 2 pre-
sents a summary of the effects of AE on EM using data from 36
RCTs. Consistent with our hypothesis, we found that AE
enhanced EM (g [95% CI] =0.28 [0.10-0.46]; p = 0.002). Given
the observed effect size and CI, 404 participants (202 per inter-
vention group) are needed in future studies to achieve 80% sta-
tistical power. Sensitivity analyses revealed similar results when a
pre-post correlation value of 0 (p =0.005) or 0.9 (p <0.001) was
used. Sensitivity analyses revealed similar results when excluding
the three publications that included anaerobic sessions. Sensitivity
analyses also revealed similar results when excluding one pub-
lication with a mean age less than 60 years. When removing each
study in turn with a leave-one-out cross-validation analysis, all g’s
remained >0.17. and all p’s remained <0.005. Supplementary
analyses revealed a significant positive effect of AE on all memory
scores, except learning and recognition, and all tasks (Supple-
mentary Figs. 1-6).

We found significant heterogeneity in the full sample
(Q(df) =170.00 (35); p<0.001), such that 79.41% of the
variation in effect sizes could be attributed to true differences
in the effect size across studies. Egger’s unweighted regression
asymmetry test suggests potential publication bias
(t(34) =2.07; p=0.023). The Trim and Fill analysis suggests
that if we remove the asymmetric studies, the effect size would
increase to g [95% CI] =0.38 [0.20-0.56] (Fig. 3). Using the
Copas selection model, the adjusted effect size is smaller than
the original effect size and no longer statistically significant (g
[95% CI] =0.10[—0.04, 0.24]; p=0.16). Further, the Copas
selection model revealed an estimated probability of publishing
the trial with the largest standard error of 0.71 and an
approximated number of unpublished studies of 14.

Moderation analyses. We tested whether the following sample
and intervention characteristics moderated the strength of the
effect size across studies: sex distribution, cognitive status, age,
control group type, reported prescribed intensity, intervention
length, session duration, session frequency, or intervention
volume (Table 2). The results of the meta-regression analysis
suggested that only age acted as a significant moderator (Q-sta-
tistic = 4.92; p=0.027). The effect size was moderately small
(R?=0.09). The effect sizes for the other moderators were small
and did not provide statistical evidence of a moderating effect at
p<0.05.

Mixed-effects subgroup analyses revealed a significant effect for
studies with a high percentage of females (g = 0.34; p = 0.009) but
not those with a low percentage of females (g=0.23; p = 0.086).
Similar results were found when using 50% as the cut-off. These
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Study Name Statistics for each study
Hedges's Standard Lower  Upper

'] error Variance limit limit ZValue p-Value
Antunes, 2015a 1.221 0.342 0.117 0550 1.892 3.566 0.000
Antunes, 2015b 0.991 0.313 0.098 0376 1.605 3.160 0.002
Blumenthal, 1989 -0.075 0.239 0057 -0.544 0394 -0.312 0.755
Blumenthal, 2020 -0.339 0.225 0.050 -0.779  0.102 -1.508 0.132
Cherup, 2018 0377 0.492 0242 -0.587 1.341 0.766 0.444
Fabre, 2002 1.435 0.564 0318 0330 2540 2546 0.011
Ferreira, 2015 -0.201 0.297 0.088 -0.784 0.381 -0.677 0.499
Gaitan, 2019 0.434 0.407 0.166 -0.364 1.233 1.066 0.286
Hassmén, 1997 0.791 0.349 0.122  0.106 1.476 2265 0.024
ljuin, 2013 0.053 0.245 0.060 -0.428 0.534 0.216 0.829
Jonasson, 2017 0.236 0.260 0.068 -0274 0.747 0.908 0.364
Kramer, 2001 2727 0.257 0066 2223 3232 10.600 0.000
Lam, 2012 0171 0.102 0.010 -0.030 0.371 1.671 0.095
Lam, 2015 -0.177 0.120 0.014 -0.412  0.059 -1.470 0.141
Lazarou, 2017 0.357 0.177 0.031 0.011 0.703 2021 0.043
Legault, 2011 0.107 0.327 0.107 -0534 0.747 0.326 0.744
Maass, 2015 -0.264 0.312 0.097 -0876 0.347 -0.847 0.397
Maki, 2012 0.054 0.163 0.026 -0.264 0.373 0334 0.738
Matura, 2017 -0.060 0.272 0.074 -0594 0474 -0.219 0.826
Morris, 2017 0.072 0.281 0079 -0479 0624 0.257 0.797
Mortimer, 2012 0.116 0.255 0.065 -0.384 0616 0.453 0.651
Nagamatsu, 2012 0.258 0.261 0.068 -0.253 0.768 0.989 0.322
Oken, 2006 0.000 0.208 0.043 -0.408  0.408 0.000 1.000
Perri, 1985 0.342 0.306 0.094 -0259 0.943 1.116 0.265
Poinsatte, 2019 1.142 0.517 0268 0128 2156 2206 0.027
Ruscheweyh, 2011 0.465 0.311 0.097 -0.144 1.074 1.496 0.135
Scherder, 2005 -0.033 0.356 0127 -0731 0.665 -0.092 0.927
Stuckenschneider 2020 0.131 0.183 0.034 -0.228 0.490 0718 0.473
Tarumi, 2019 -0.340 0.242 0.058 -0.814 0.133 -1.409 0.159
ten Brinke, 2015 0.172 0.260 0.067 -0.337  0.681 0.663 0.507
Thomas, 2020 0.652 0.365 0.133  -0.064 1.368 1.786 0.074
van Uffelen, 2008 -0.157 0.162 0.026 -0.474 0.160 -0.968 0.333
Varela, 2018 0.216 0.318 0.101 -0.407 0839 0.679 0.497
Vidoni 2021 -0.031 0.195 0.038 -0.413 0.351 -0.158 0.874
Yogev-Seligmann 2021 -0.118 0.374 0.140 -0.851 0.615 -0.317 0.752
Zhu, 2018 0.903 0.268 0.072 0378 1.428 3.370 0.001
0.281 0.091 0.008 0.104 0459 3.108 0.002
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Fig. 2 Forest plot of individual studies (n = 36) and pooled effects of aerobic exercise interventions on episodic memory. Hedges' g, denoted as a
diamond or a square, reflect improvements in episodic memory among those in the aerobic exercise group relative to the control group when the value is

positive. A random-effects model was used. Error bars stand for 95% Cl.
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Fig. 3 Funnel plot of standard error by Hedges' g with imputed studies. The observed studies (n=36) are shown as open circles and the observed
Hedges' g is shown as an open diamond at 0.28 [0.10-0.46]. The five imputed studies are shown as filled circles and the imputed Hedges' g is shown as a
filled diamond at 0.38 [0.20-0.561].

subgroup analyses also indicated a significant effect for NC
(g=0.42; p=10.001) but not for participants with impaired
cognition (g=0.14; p=0.300). In line with the moderator
analyses described above, there was a significant effect for studies
with young-old participants (g = 0.49; p <0.001) but not for old-
old participants (g=0.10; p = 0.418). The type of control group
also influenced the results; there was a difference in EM when
studies used a no-contact (g = 0.38; p = 0.018) or physically active
(i.e., stretching) (¢ = 0.35; p = 0.028) control group but not when
studies used an inactive control group (i.e., education, social

interaction) (g=0.12; p =0.456). Interestingly, the effect of AE
on EM was significant for studies that reported their prescribed
intensity (g =0.36; p=0.001) and not for studies that did not
report prescribed intensity (g=0.10; p = 0.587). Features of the
intervention also appeared to influence the effects. Specifically,
there was a significant effect for studies of medium length
(g=0.46; p=0.002) but not for short (g=0.25; p=0.140) or
long (g=0.13; p =0.405) interventions. There was an effect for
studies with both short (g=0.32; p=0.021) and long (g=0.26;
p =0.040) session durations. Studies with medium frequency
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Table 2 Moderation Analyses.
Moderator No. of studies Hedges' g Standard error Lower limit Upper limit p-value Q-statistic p-value® R2
Sex Distribution (percent) 0.34 0.558 <0.01
Low (0-64) 18 0.23 0.14 -0.03 0.5 0.086
High (65-100) 18 0.34 0.3 0.09 0.6 0.009
All 36 0.29 0.09 0.1 0.47 0.002
Cognitive Status 2.43 0.119 0.04
Impaired 16 0.14 0.13 —-0.12 0.39 0.3
Normal 20 0.42 0.13 0.17 0.66  0.001
All 36 0.29 0.09 0.Mn 0.46 0.002
Age (years) 492 0.027 0.09
Young-Old (55-68) 18 0.49 0.3 0.24 0.75 <001
Old-Old (69-75) 18 0.1 0.2 —-0.14 034 0418
All 36 0.28 0.09 omn 0.46  0.001
Control Group Type 1.55 0.461 <0.01
No-Contact 12 0.38 0.16 0.07 0.7 0.018
Inactive 12 0.12 0.16 -0.20 0.44 0.456
Physically Active 12 0.35 0.16 0.04 0.67 0.028
All 36 0.29 0.09 omn 0.47 0.002
Intensity Reporting 1.59 0.208 <0.01
Not Reported 9 0.1 0.18 —-0.25 0.45 0.587
Reported 27 0.36 0.1 0.15 0.57 0.001
All 36 0.29 0.09 0.1 0.47 0.002
Intervention Length (weeks) 23 0316  0.01
Short (6-17) 12 0.25 0.7 —0.08 0.57 0.14
Medium (18-39) 13 0.46 0.5 0.16 0.76  0.002
Long (40-65) n 0.3 0.16 -0.18 0.44  0.405
All 36 0.29 0.09 o.M 0.47 0.002
Session Duration (min) 0.09 0.76 <0.01
Short (15-45) 17 0.32 0.14 0.05 0.59  0.021
Long (50-90) 19 0.26 0.3 0.01 0.51 0.04
All 36 0.29 0.09 0.1 0.47 0.002
Session Frequency (sessions/week) 1.58 0.453 <0.01
Low (1-2) n 0.14 0.16 -0.18 0.45 0.387
Medium (3) 20 0.39 0.3 0.14 0.64 0.002
High (4-7) 5 0.23 0.26 -0.27 0.74 0.369
All 36 0.29 0.09 0.Mm 0.47 0.002
Intervention Volume (total min) 0.19 0.909 <0.01
Low (<2100) 12 0.23 0.7 —-0.1 0.57 0.88
Medium (2100-3900) 12 0.31 0.16 —0.01 0.63 0.06
High (>3900) 12 0.33 0.7 0.004 0.65 0.047
All 36 0.29 0.1 0.1 0.48 0.003
Tp-value of the heterogeneity between effect sizes of subgroups.

(g=0.39; p=0.002) had a significant effect, but studies with low
(g=0.14; p=0.387) or high (g=0.23; p=0.369) session
frequency did not. Finally, there was a significant effect for
studies with a high volume of prescribed AE (g = 0.33; p = 0.047)
but not for studies with a low (g=0.23; p=0.188) or medium
(g=0.31; p=0.060) volume.

Quality assessment. Twenty-eight of the 36 studies were judged
to be of high methodological quality because they scored =6 on
the 1l-item quality criteria. Supplementary Data 3 presents
details on the methodological quality of each study. A post hoc
analysis revealed a significant positive effect of AE on EM when
only high-quality studies were included (g [95% CI] = 0.18 [0.03-
0.32]; p=10.016).

Discussion

In accordance with Aim 1, our meta-analysis of adults >55
years without dementia demonstrates that participation in AE
improves EM. In accordance with Aim 2, we found that AE
improved EM in studies with NC, those with a mean age of
55-68, and those above the median in female participants. We
also found that the EM exercise effect was only significant in

studies with a physically active or no-contact control group,
that reported a prescribed AE intensity, and with session
durations lasting 15-90min three sessions/week for
18-39 weeks to achieve >3900 total minutes of activity. These
observations have high practical relevance for the use of AE as a
low-cost, accessible, non-pharmaceutical intervention to
improve EM in late adulthood.

Previous meta-analyses had reported that AE does not influ-
ence EM among older adults with and without cognitive
impairment?8-32. The discrepancy in findings between this meta-
analysis and previous meta-analyses may be due to methodolo-
gical differences. Prior meta-analyses had restricted inclusion
criteria, leading to a smaller number of included studies with AE
and EM outcomes (€.8., Nyorthey = 9). We included all studies of
participants without dementia, which permitted us to include an
additional 20 RCTs not included in previous meta-analyses.
Further, another strength of this meta-analysis is the strict EM
inclusion criteria, excluding studies with a measure not primarily
targeting EM, such as spatial working memory, that was pre-
viously included in meta-analyses. By collapsing across various
EM tasks that exhibit differential task demands on the hippo-
campus or recruit heterogeneous anatomical correlates, previous
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meta-analyses may have reduced their sensitivity to detect an
effect.

Many studies included in the analyses did not reveal significant
AE effects when considered individually, likely due to insufficient
power because of small sample sizes. The power analysis revealed
that 404 participants (202 per group) are needed in future studies
to achieve 80% statistical power. None of the studies included in
the meta-analysis had a sample size of this magnitude; the largest
sample size was 38992, which gave 78.75% power to detect an
effect size of g=0.28, but studies on average had only 38 parti-
cipants per group. The evidence for an AE effect became much
stronger when all the data were pooled since most effects were in
the positive direction.

Supplementary analyses revealed a significant positive effect of
AE on immediate recall and delayed recall scores but not learning
or recognition scores. There is research to suggest that conven-
tional memory networks may not be sufficient or important for
total learning performance and interpreting learning scores as
episodic memory may be inaccurate®®. These results are also
consistent with the long-standing finding in cognitive psychology
that age differences are smaller for recognition than recall®, such
that there may be fewer age-related deficits that need to be
mitigated. The literature suggests that these age differences in
recall and recognition may be due to a common underlying
process rather than ceiling effects in recognition tasks, such that
older adults rely more on a general feeling of familiarity and are
impaired in recollecting specific events, which is more important
in recall tasks®4. Further, the underlying process of familiarity is
thought to rely on a more diffuse network of cortical and sub-
cortical regions than the underlying process of recollection, which
is closely linked with the hippocampus®®. Thus, these regions
associated with familiarity may be less modifiable with AE. It
cannot be ruled out that the type of recognition score (i.e., hits,
false alarms, d’, percent accuracy) could have influenced the
results, as most studies used percent accuracy or did not specify
the measure used. We also found a significant positive effect of
AE on word-list and story-recall tasks. Due to an insufficient
number of studies examining face/name recognition, object
memory, or paired associates, we were not able to examine or
compare the effect of AE on these dimensions of EM. We were
also not able to examine differences between studies that assess
the “what,” “where,” or “when” components of EM given that
most studies employed word list recall (75%) or story recall (33%)
tasks, which tap the “what” component. We did not include
spatial working memory or constructional praxis tasks due to
their recruitment of heterogeneous anatomical correlates outside
of the hippocampus. Thus, we were not able to distinguish effects
on more distinct aspects of EM, such as visuospatial memory, or
compare verbal memory to visuospatial memory. Future studies
would benefit from comparing verbal memory with visuospatial
memory to help provide information about the specificity of AE
effects.

We had sufficient power to detect moderating effects of age, so
any other possible moderators should be interpreted with caution.
Moderation analyses revealed that age was a significant mod-
erator of the effects of AE on EM. One explanation for our results
is that there may be an opportune window during which AE has a
more profound effect on EM. In particular, the larger benefits of
AE for the young-old group may result from age differences in
general health; comorbid conditions, medications, safety con-
cerns, and other neuropathological issues, which are often more
prevalent in older populations, could negatively impact adherence
or the efficacy of the intervention. However, our results do not
allow us to determine whether AE earlier in the lifespan can
change the trajectory of cognitive aging because the current meta-
analysis focused on adults with a mean age >55 years at baseline.

To address this gap, future studies would benefit from examining
a younger population and following them across time to assess
how AE at a single time point impacts EM later in life.

Although we did not find significant moderation as a function
of sex distribution, subgroup analyses demonstrated that AE had
favorable effects among studies composed mostly of female par-
ticipants. These sex effects may be driven by differences in
encoding strategies, such that females tend to utilize strategies
(i.e., semantic clustering, word rhymes) that are associated with
better performance®®. It is possible that AE enhances the utili-
zation or effectiveness of these strategies during encoding. These
sex effects may also be driven by differences in exercise efficacy.
Numerous studies have shown greater effects of AE for females
compared to males on measures of executive functioning and
information processing speed3*3°. The sex differences may be
related to sex steroid hormones estradiol and testosterone?’.
Extensive literature supports the role of sex hormones in neu-
roplasticity and the preservation of cognitive function, with evi-
dence suggesting that greater circulating levels of estradiol and
testosterone after the onset of menopause and andropause are
associated with better EM in females but not males®”-%8. During
development and reproductive years, the hormonal environment
has lasting effects on brain structure, brain function, muscles,
adipose tissue, and other organs®®70, Further, acute and chronic
exercise increase sex steroid levels in the brain, muscles, and
circulation”!. Thus, even in late adulthood, exercise influences the
brain and organs in a sex-dependent manner.

Subgroup analyses demonstrated that AE had favorable effects
among participants with NC but not among participants with
impaired cognition. There are several potential reasons for null
results in impaired populations. Adherence to interventions
varies greatly among studies of patients with MCI due to prac-
tical, psychological, and cognitive factors’2. Additionally, given
that our categorization of normal and impaired was based on
study-defined diagnoses, there was significant heterogeneity
across studies regarding diagnostic criteria—for example, one
study’3 defined normal cognition as >24 on the Mini-Mental
State Examination (MMSE), while another study used the same
criteria to define MCI?>, and yet another study defined MCI as a
score of 7 or higher on the 12-item version of the MMSE?’. This
variability in diagnostic criteria may have hindered our ability to
detect a significant effect among patients with impaired cognition.
Lastly, although higher levels of physical activity are associated
with reduced disease progression in patients with MCI”%, the
magnitude of the benefits may be smaller among individuals who
have already developed neuropathology. Our results suggest that
AE may be maximally beneficial among adults >55 years who are
sedentary before any changes in cognition are detected clinically.

Although control group type was not a significant moderator,
subgroup analyses demonstrated that AE had favorable effects
among studies with a no-contact or physically active control
group (i.e., stretching) but not among studies with an inactive
control group (i.e., education). These finding suggest that while
physical activity without a primary aerobic component is
insufficient to promote significant changes in EM, education and
social interactions may have a marginal effect, and, thus, may
dampen the ability to detect significant effects of AE. Education
or social interaction control groups may have promoted changes
in lifestyle habits that had measurable benefits on EM. However,
future research is needed to further explore potential underlying
mechanisms.

While prescribed intensity was not a significant moderator,
subgroup analyses demonstrated that AE had favorable effects
only among studies that reported prescribed intervention inten-
sity. Studies that report prescribed intensity may be better con-
trolled, such that participants are monitored to ensure the target
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intensity is reached. It is also possible that studies that report
prescribed intensity individualize the prescription for each par-
ticipant based on their pre-training aerobic capacity. Given the
heterogeneity across studies in reporting prescribed intervention
intensity and the lack of variability among studies that reported
prescribed intensity, we were not able to examine whether var-
iation in intensity was a significant moderator of the effects of
AE on EM.

Although intervention length, duration, frequency, and
volume were not significant moderators, subgroup analyses
demonstrated that AE had favorable effects among studies
18-39 weeks long with three sessions/week lasting 15-90 min
each, achieving >3900 total minutes of activity. Given these
results, the public health recommended target of 150 min/week
of moderate-intensity physical activity’> can be reached in a
variety of ways. For example, 3900 min of activity could include
50-minute sessions 3 days a week for 26 weeks. Our results show
that interventions 6-17 or 40-65 weeks, interventions with 1-2
or 4-7 sessions/week, and interventions prescribing <3900 total
training minutes were not robust enough to result in significant
differences in EM. It is possible that the most intense inter-
ventions—those 40-65 weeks or 4-7 sessions/week - yielded
null results because interventions with greater time commit-
ments could have had several limitations minimizing their
observed effects, including greater subject burden, decreased
adherence, increased attrition and withdrawal, and less precise
measurement of exercise adoption. However, given the hetero-
geneity across studies regarding reporting these values, we could
not examine whether variation in rates of adherence or attrition
significantly moderated the effects described here. Further,
intervention length and frequency varied substantially even
among studies with >3900 total minutes of activity; interven-
tions ranged from 26 to 65 weeks long with 2-7 sessions/week.
This limits our ability to definitively state an optimal exercise
dose at which EM benefits are detected or strengthened.
Nonetheless, our results indicate that the public health recom-
mendations of 150 min/week would require interventions
greater than 26 weeks to detect EM improvements among adults
=55 years.

There are likely many behavioral and cellular mechanisms by
which AE influences EM. For example, moderate-intensity
exercise interventions improve sleep quality, which has a cri-
tical role in memory consolidation’®77. Exercise also improves
mood, which can positively impact memory, although direct tests
of these possible mechanisms from RCTs remain
inconclusive’3-80, There are also many physiological changes
following exercise, including decreased body weight®! and car-
diovascular responses and reactivity®2, which could influence
brain health outcomes, including EM. EM is dependent on
hippocampal function83, and exercise appears to positively
impact hippocampal structure and function, especially in older
adult populations!>=17. On a cellular level, AE increases the
expression and secretion of numerous growth factors and neu-
rotrophins in the hippocampus, such as brain-derived neuro-
trophic factor (BDNF), which in turn enhances synaptic
plasticity, cell proliferation, and survival®4-80, In humans, an AE-
related increase in hippocampal volume was associated with
increased circulating levels of BDNF!°, Additionally, AE might
regulate an anti-inflammatory response in humans by mod-
ulating anti-inflammatory and proinflammatory cytokines®’, and
in rats, this change in cytokine levels in the hippocampus
reduced hippocampal-related memory decline®8. However, the
behavioral and cellular transducers of the benefits of AE in
humans are not fully understood and should be further investi-
gated to optimally prescribe therapeutic interventions.

This literature is marked by several methodological limitations.
The limited ethnic and racial diversity across samples restricts the
generalizability of these results. Further, intervention intensity
was often not reported and limited in variability, so a more
sensitive classification could not be used in this review. The
included studies also did not consistently report supervision,
change in cardiorespiratory fitness, withdrawal/attrition, and
attendance/adherence, limiting our ability to systematically
examine whether these key intervention characteristics impact the
effect of AE on EM. Future studies would benefit from reporting
these aspects of the fidelity of the intervention so meta-analyses
can clearly summarize the impact of these measures. Finally,
studies varied in the way missing data was handled, with some
studies using an intent-to-treat approach and others using a per-
protocol approach depending on the purpose of the study. Studies
using a per-protocol approach may have produced biases that
may have overestimated the effect. In addition, there is evidence
of publication bias and asymmetry; while the more conservative
Copas selection model revealed a smaller effect size after
accounting for the effects of small studies, the Trim and Fill
suggests an effect size significantly larger than 0. Further,
although we followed the PRISMA procedure for risk of bias,
there are limitations of PRISMA and the PEDro scale that could
influence the results from this meta-analysis (e.g., the summary
score and cutoff do not acknowledge that some criterions are
more critical to the validity of a study than others). Many of the
included studies did not report EM performance for males and
females separately or young-old and old-old participants sepa-
rately, requiring us to categorize each study into one of two
subgroups. However, future studies would benefit from reporting
the effect for each group separately (e.g., males versus females) to
allow for a more appropriate examination of these moderators
using effect sizes for each group. In addition, we did not have
access to individual participant data, which would have allowed
for a more complex analysis of the impact of the moderators on
EM. However, evidence suggests that group analyses are adequate
and even outperform individual analyses in situations with a
small number of trials per condition®. Further, even individual-
level data are essentially grouped data, as they are aggregated
across multiple stimulus items®?. Given that many of the mod-
erators had small effect sizes, future research is needed to further
validate the trends that appeared in these data, as well as other
moderators that may be important.

Future research would also benefit from more long-term fol-
low-up after the completion of the intervention to assess whether
the benefits persist and whether they could delay progression to
MCI or dementia. In addition, future studies must examine
which type of training can be prescribed to promote the greatest
benefits on EM. This may include multimodal training or
resistance training, supervised or unsupervised training, group or
individual training, and low-, moderate- or high-intensity
training. Finally, while the effect of AE on EM was small and
required a large sample size to detect a significant effect, a greater
focus on middle-aged adults would allow for an investigation of
whether benefits of AE on EM are more observable before the
age of 55.

AE positively influences EM among adults =55 years without
dementia, with larger effects observed among various sample and
intervention characteristics — the clearest moderator being age.
These results suggest that EM should be routinely monitored
starting at age 55 or earlier so that interventions can be imple-
mented before changes in cognition become clinically apparent.
The subgroup results could inform practitioners about how AE
can maximally benefit EM in this age range. These findings
highlight the importance for health professionals to communicate
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the many benefits of exercise for brain health before the
appearance of memory problems.

Reporting summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Data availability
Source data underlying all analyses, figures, and tables are available in Supplementary
Data 2.
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