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Abstract

The purpose of this meta-analysis was to evaluate the effects of acute exercise on short-term memory improvement. The
computerized literature searches using electronic databases and examinations of reference lists from relevant studies yielded
six studies meeting our inclusionary criteria. In a total of six studies, 16 standardized regression coefficient effect sizes
(ESs) were calculated to be meta-analyzed. The meta-analyses showed a statistically significant increase in short-term
memory improvement across both the exercise and non-exercise control groups in trials 1-5 [ES =0.96, 95% CI (0.95, 0.97),
P <0.001]. However, there was no significant subgroup difference between exercise and control groups (Q,=0.40, df=1,
P=0.53). Our meta-analytic review provides suggestive evidence that an acute bout of exercise prior to learning does not
result in short-term memory improvement to a greater extent than a non-exercise control. Additional research is needed to
further evaluate whether acute exercise enhances long-term memory via enhanced learning and/or post-learning mechanisms.

Keywords Acquisition - Memory encoding - Memory consolidation - Physical activity

Introduction

The retrospective recall of past information involves several
critical phases, namely acquisition (encoding and consolida-
tion), storage, and retrieval. Encoding involves the develop-
ment of the memory trace (engram; a population of neu-
rons that represents the memory) from the exposure of the
stimuli. In general, deeper levels of encoding (e.g., utilizing
mnemonics) help strengthen the memory trace. After the
development of the memory trace, the engram, over time,
goes through a consolidation period where it either becomes
stabilized or destabilized. Lastly, effective retrieval cues can
help facilitate the retrieval of the memory.

Learning is the acquisition of a skill or content, whereas
memory is the expression of what has been previously
learned. In order for a long-term memory to be successfully
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retrieved, effective encoding and consolidation need to be
occurred. Adequate learning of the material helps create an
opportunity to successfully retrieve a memory via optimal
encoding and consolidation. Adequate learning may facil-
itate memory retention by increasing an extension of the
experience and reducing the resistance of impeding aspects
that conflict with that experience [54].

Both previous experimental research [6, 31, 49] and
meta-analytic reviews [5, 32, 36, 47] have demonstrated that
acute exercise (i.e., a single bout of exercise) can enhance
long-term memory function. Further, the exercise-memory
relationship may vary depending on the distinctive types of
memory (e.g., episodic memory and working memory) as
well as the intensity of exercise (e.g., low-intensity vs. mod-
erate-intensity vs. high-intensity). For example, while acute
exercise at lower intensity may play a key role in enhancing
working memory, acute exercise at higher intensity may have
a facilitative effect on episodic memory [34]. As discussed
elsewhere, this effect may, in part, be attributed to exercise-
induced (1) increases in neuronal excitability, (2) changes
in dopamine, epinephrine, and norepinephrine levels, and
(3) increases in BDNF (brain-derived neurotrophic factor)
expression [22, 38, 56]. However, what is lacking in the lit-
erature are studies specifically evaluating the effect of acute
exercise on learning improvement; that is, whether acute
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exercise facilitates the acquisition (encoding and consolida-
tion) of the stimuli, which may ultimately help induce long-
term storage and retrieval of the information. Winter et al.
[56], in a sample of 27 young adults, evaluated the effects
of acute exercise on learning improvement, i.e., memory
performance scores across five successive learning blocks
(trials). They demonstrated that a single bout of high-inten-
sity exercise was associated with greater learning improve-
ment across the five learning blocks. They also showed that
BDNF, dopamine, and epinephrine uniquely contributed to
improved learning, short-term, as well as long-term memory.
In other experiments on this topic, researchers evaluated
whether there was an intensity-specific impact of acute exer-
cise on learning. This plausibility of this intensity-specific
effect [34] can be justified by previous publications dem-
onstrating that acute moderate-intensity exercise promotes
memory function as well as learning processes [25, 51]. In
contrast to these findings, Frith et al. [19] did not observe
facilitative effects of vigorous-intensity acute exercise on
learning when compared to a control group. Given these
mixed findings, an empirical review that evaluates the effects
of acute exercise on learning improvement is needed.

To the best of our knowledge, it is uncertain as to whether
acute exercise promotes long-term memory via enhanced
learning, or rather, facilitates post-learning mechanisms,
such as augmenting storage and retrieval (see El-Sayes
et al. [14], Loprinzi et al. [38], Loprinzi et al. [41], Moore
and Loprinzi [44] for previous reviews detailing the mecha-
nisms through which acute exercise may enhance memory).
Herein, we focus specifically on cognitive-based learning
as evaluated by 5 trials of the verbal memory test, which
extends previous work that has focused on motor learning
[48, 50, 52]. Interestingly, a recent systematic review with
meta-analysis by Wanner et al. [53] demonstrated that acute
cardiovascular exercise helps to facilitate the consolidation
of acquired motor memory, but not motor memory encod-
ing. In particular, exercise before motor skill practice may
be favorable for short-term consolidation, whereas post-
practice exercise may be effective in improving long-term
consolidation. Therefore, the purpose of this meta-analysis
is to evaluate the effects of acute exercise on cognitive-based

Table 1 Utilized syntax components for each database

short-term memory improvement. Such an investigation may
help to address the mixed findings as well as shed addi-
tional insights into future mechanistic studies on this topic.
Notably, although “learning” is tacit across the five learn-
ing trials, hereafter we refer to this as “short-term memory
improvement” instead of learning, as the evaluated studies
included a recall assessment after each of the five trials. As
such, it is not possible to disentangle whether the improve-
ment in memory across the trials was from learning or recall.

Methods
Data Sources and Search Strategy

The present review was presented in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines. We performed a computer-
ized systematic literature search using electronic databases,
such as PubMed, PsycINFO, Google Scholar, and Medline.
All documents were retrieved from the inception of the study
to March 20th, 2021. The final search terms, including their
combinations, were: acute exercise, exercise, California Ver-
bal Learning Test (CVLT), Rey Auditory Verbal Learning
Test (RAVLT), learning, list learning, and memory. In order
to reduce the likelihood of errors during literature searches,
we utilized database-appropriate syntax for each database,
in combination with the above-noted key words, based on
systematic search strategies [2]. Table 1 indicates the suit-
able syntax components for each database.

Study Selection

Two separate authors (MJ and JB) independently conducted
the computerized searches to determine the number of eli-
gible studies. Each of the searches in each respective data-
base was imported into Excel, and then, duplicate references
were deleted in Excel. An agreement on eligible studies was
reached from the two authors, and a third author was invited
to reach a consensus through discussion in the case of any
disagreement and/or conflict between the two reviewers.

Database Syntax

PubMed ((“acute exercise”’[mh]) OR (exercise*[tiab])) AND ((“learning [mh]) OR (“list learning”’[mh]) OR (memory*[tiab])) AND
((“cvlt”[mh]) OR (“california verbal learning test”*[tiab]) OR (“ravlt’[mh]) OR (“rey auditory verbal learning test*[tiab]))

PsycINFO ((acute exercise / OR exercise*).ab,kf,ti.) AND ((learning / OR list learning / OR memory*).ab,kf, ti.) AND ((cvlt/ OR cali-
fornia verbal learning test / OR ravlt / OR rey auditory verbal learning test*).ab,kf,ti.)

Google Scholar acute exercise | exercise | learning | list learning | memory | cvlt | california verbal learning test | ravlt | rey auditory verbal
learning test

Medline ((*acute exercise”[mh]) OR (exercise*[tiab])) AND ((“learning [mh]) OR (“list learning”[mh]) OR (memory*[tiab])) AND

((“cvIt”[mh]) OR (“california verbal learning test”*[tiab]) OR (“ravit’[mh]) OR (“rey auditory verbal learning test*[tiab]))
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In addition to the above-mentioned database search, two
reviewers checked a list of references during full-text screen-
ing in order to identify additional eligible articles. All stud-
ies appearing to meet our eligible criteria were screened and
cross-checked at the full-text level. Similar to the previous
stage, a third author was involved in the discussion in case
any disagreement occurred during the full-text review.

Eligibility Criteria

Studies were included if they: (1) utilized an experimental
design with a comparison to a non-exercising control group,
(2) employed a human model, (3) evaluated an acute bout of
exercise (defined as a single bout of exercise) as a predictor,
(4) performed acute exercise prior to learning, (5) assessed
RAVLT or CVLT as the main outcome variable, (6) recalled
a recording of 15 listed words for RAVLT (in the case of
CVLT, a 16 word-list) five times in a row (trials 1-5), (7)
provided sufficient information (e.g., mean, standard devia-
tion [SD], and sample size) to calculate an effect size (ES)
estimate, and (8) were published in English.

Methodological Quality Assessment

Using the modified version of the Downs and Black check-
list [11], two independent authors evaluated the methodo-
logical quality of the included studies. This checklist was
developed to measure the methodological quality of rand-
omized and non-randomized studies, which was based on
27 criteria across 4 domains, including reporting, external
validity, internal validity, and power, with a total maximum
score of 28 (1 point per question except for question five
[2 points]). All disagreements in quality scorings between
the two original authors were addressed by inviting a third
author to reach consensus via discussion. To avoid confusion
of power calculation for users, the last question was changed
from a 5-point to a 1-point rating, where 1 was scored if a
power or sample size computation was reported, and 0 was
scored when there was no power computation or indication
of whether the number of subjects was appropriate for the
study design. Of the 27 questions, 3 questions, “Have the
characteristics of patients lost to follow-up been described?”
“In trials and cohort studies, do the analyses for different
lengths of follow-up of patients, or in case—control studies,
is the time period between the intervention and outcome the
same for cases and controls?”” and “Were losses of patients
to follow-up taken into account?” were deleted from the
checklist because they did not fit the inclusion criteria in
the present meta-analysis. Consequently, we used the revised
Downs and Black checklist consisting of 24 questions. The
scoring of this checklist ranged from 0 to 25, with a higher
score indicating a higher level of methodological quality.

@ Springer

Data Extraction

Two separate authors extracted and coded detailed infor-
mation from each of the evaluated studies as follows: (1)
authors, publication year, and language of publication, (2)
participant’s characteristics (e.g., age, gender, and sample
size), (3) experimental design (exercise vs. control), (4) exer-
cise protocol (e.g., exercise temporality, exercise intensity,
and exercise duration), (5) memory task (e.g., RAVLT and
CVLT), and (6) main study findings.

Outcome Measures

As previously described, cognitive-based learning was
assessed using RAVLT or CVLT. Both of the two tasks are
multiple trials, word-list episodic memory tasks. The stand-
ardized RAVLT consists of an immediate memory assess-
ment and a delayed free-recall test [9]. This task requires
participants to listen to and immediately recall a recording
of alist of 15 words (List A) five times in a row (trials 1-5).
Immediately following List A, participants are then asked
to listen to and immediately recall a list of 15 new words;
this step is represented by trial 6. Similar to the RAVLT, the
standardized CVLT provides participants with five learning
trials that include a list of 16 words (List A) as well as six
learning trials with 16 listed new words [15]. After each
trial, participants are asked to immediately recall as many
words as they can in any order. Performance on trial 1 is
indicative of short-term memory. And the change in perfor-
mance across trials 1 to 5 is considered a measure of learn-
ing; as stated, herein we refer to this as “short-term memory
improvement” given that a recall assessment occurred after
each trial. Since a central focus of this meta-analysis is the
potential effects of acute exercise on learning, we focused
on the memory scores obtained from trials 1 to 5 across
exercise and non-exercise groups.

Statistical Analyses

To carry out the meta-analysis of repeated measures stud-
ies, we employed the trend meta-analysis, which enables the
measurement of trends over time at the study specific level
of interest (for instance, this study is interested in investigat-
ing acute exercise effects [vs. control] on learning). In this
approach, means and variances at each time-point within
the primary study are required to calculate efficient esti-
mates of the regression slope [45]. Regression is utilized
to model the outcome over time and provides a summary
effect of the slope estimate. As implemented in JASP (ver-
sion 0.11.1.0.), linear regression was employed to estimate
a standardized regression coefficient (i.e., X-axis =trials
and Y-axis =learning scores) from each individual study
by each group (exercise vs. control groups). Both JASP
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and Comprehensive Meta-Analysis software (version 3,
Biostat, New Jersey, USA, www.meta-analysis.com) were
used to calculate the standardized regression coefficient’s
ESs. As we anticipated heterogeneity among the studies, a
random-effects model was employed in the meta-analysis.
The degree of heterogeneity of the ESs was calculated using
Cochran’s Q-statistic (Q) and the variation in ES was calcu-
lated with 72, tau (7) (i.e., SD of true effects), and 77 index
(i.e., variance of true effects). Q statistics evaluate the null
hypothesis that all individual ES estimate the same popula-
tion ES [33]. I indicates the proportion of the variance in
observed effects reflecting variance in true effects, rather
than sampling error. I values of 25%, 50%, and 75% indicate
low, moderate, and high levels of heterogeneity, respectively
[26]. The subgroup analysis was performed to test how the
observed ES differs depending on exercise engagement
(exercise vs. non-exercise control). Subgroup analyses typi-
cally provide two results: one is to compare the mean ESs
across groups/levels, and the other is to compute the mean
ES separately for each subgroup of studies [8]. Finally, the
risk of bias across studies was assessed with Egger’s test of
the regression intercept. This test was conducted to examine
the association between the observed ESs and their standard
errors. If the regression intercept is statistically significant,

Records identified through
database searching
(n =1,082)
PubMed =527
PsycINFO =197
Google Scholar = 286
Medline = 72

Identification

publication bias may be present [13]. Accordingly, if there is
evidence of publication bias, it is customary to conduct the
Duval and Tweedie’s trim and fill analysis [12] to provide an
estimate of the number of missing studies and an adjusted
effect for the publication bias. Statistical significance was
set at an alpha level of 0.05.

Results
Retrieved Articles

Figure 1 depicts the flowchart of the literature search pro-
cess. The computerized searches from the four databases
yielded 1082 articles. Moreover, six additional articles
were identified through lists of references on acute exer-
cise and memory through manual searching. Among the
1088 articles, 123 duplicates were removed and 965 arti-
cles were screened. After an initial screening of 965 titles
and abstracts, 19 potentially relevant articles were carefully
reviewed in full. Among these 19 articles, 12 were ineligible
because they did not meet our inclusion criteria [e.g., not
directly comparing a non-exercise control group to an exer-
cise group [18] and not providing sufficient data to compute

Additional records identified
through manual searching (n = 6)

Duplicates removed

(n =123)
Screening
v
Records screened Records excluded
(n = 965) (n=946)
2
o Full-text articles assessed Full-text articles excluded (n = 13),
Eligibility for eligibility with reason:
n=19) \

A 4

¢ No point estimates for ES calculation
¢ No comparison with a control group
¢ For children

Studies included in

Included meta-analysis
(2=6)

Fig. 1 Flowchart describing exclusions of potential studies and final number of included studies in a meta-analysis [43]
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an ES (Dougherty et al. [10]). Thus, seven studies met the
inclusion criteria for the systematic review through the com-
puterized searches. Lastly, only one (Etnier et al. [17]) of
the seven studies was conducted with a sample of children;
given that children and adults have different memory capaci-
ties, we decided to remove Etnier et al.’s [17] study and
exclusively focus on adult studies. Consequently, a total of
six studies were selected for the quantitative meta-analysis.

Study Characteristics

Detailed information on the study characteristics is displayed
in Table 2. Sample sizes ranged from 20 to 88, with all stud-
ies testing young adults (18-30 years). Among the six stud-
ies, three (50%) employed a within-subject design, and four
(67%) utilized an acute bout of moderate-intensity exercise.
Further, in all of the 6 studies, learning was assessed using
the standard RAVLT.

Study Quality

Based on the modified Downs and Black checklist, the
methodological quality of the evaluated studies was good
(20.33+1.37, mean + SD), ranging from 19 to 22 [27]. All
studies were scored within an acceptable range of methodo-
logical quality, and thus, were included in the meta-analysis.

Quantitative Analysis

The meta-analytic results are shown in Fig. 2. Among these
six studies, 16 standardized regression coefficient ESs were
calculated: Loprinzi et al. [39] produced six ESs (three each
for exercise and non-exercise control groups) and the five
other studies [1, 19, 25, 29, 51] each produced two ESs (one
for exercise and another for non-exercise control groups).
As illustrated by Fig. 2, there was a statistically significant
positive relationship between the trials and word recall
[ES=0.96,95% CI (0.95, 0.97), Z-value =25.37, P <0.001]
(for more information on Z-values and P-values for each
study, see Supplementary Table 1). Further, there was evi-
dence of heterogeneity of ESs [Q(15)=32.46, P =0.006].
We rejected the null hypothesis that the true ES was identi-
cal across all studies. The /? statistic was 54%, which means
that 54% of the variance in the observed effects reflected
variance of the true effects, rather than sampling error. The
variance of true effects (7%) was 0.05 and the SD of true
effects (T) was 0.22. Table 3 shows the subgroup analysis
results. There was no statistically significant subgroup dif-
ference between exercise and non-exercise control groups
(0,=0.40, df=1, P=0.53). By further examining the ES
and 95% CI of each subgroup, we found a positive relation-
ship between the task trials and memory performance for
both the exercise [ES=0.96, 95% (CI 0.94, 0.98), P<0.001]
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and non-exercise control groups [ES=0.95, 95% CI (0.94,
0.97), P<0.001]. The Egger’s test of regression intercept
was not statistically significant (intercept=0.51, P=0.77),
indicating that there was no evidence of publication bias
across studies.

Discussion

The purpose of the present meta-analysis was to evaluate the
effects of acute exercise on short-term memory improvement
compared to a control group (no exercise). Accumulated
research demonstrates that an acute bout of exercise may
help to enhance both short- and long-term memory function
[7, 19, 25, 30, 40], but to date, current data examining the
quantitative impacts of acute exercise on short-term memory
improvement are inconsistent. This is a major direction for
future work due to the limited understanding as to whether
acute exercise facilitates long-term memory via enhanced
learning, or via post-learning mechanisms. Taken together,
across the six studies evaluated in our current meta-analytic
review, we provide evidence that acute exercise, when com-
pared to a non-exercise seated control, does not influence
short-term memory improvement when evaluated via a list-
learning paradigm.

Our meta-analytic findings demonstrated that there was
a significant increase in short-term memory improvement
across both the exercise and control groups in trials 1 to 5,
which aligns with previous experimental studies [29, 51].
Expectedly, repeated exposure to learning stimuli may help
to facilitate memory retention because performing memory
recall (trials 1-5) may act as a form of studying [46]. The
null exercise effects may be explained by several reasons.
First, moderate-intensity acute exercise implemented across
four studies may be insufficient to influence the short-term
memory improvement effect. As thoroughly discussed
elsewhere [34], acute moderate-intensity exercise prior to
memory encoding may favor executive function, whereas
acute high-intensity exercise may be beneficial for episodic
memory. Elevated release of catecholamines in the brain,
via high-intensity exercise, can enhance synaptic plastic-
ity in the hippocampus [21, 42]. Further, exercise-induced
increases in neuronal excitability may help promote long-
term potentiation of the engram related to the learning
stimuli [35]. Additionally, given the nature of the RAVLT
(i.e., episodic memory task), higher intensity acute exer-
cise may be better to enhance learning [56]. Second, five
out of six studies employed treadmill walking or jogging-
based exercise protocols, which may be the potential cause
of the null exercise effects. It is expected that more complex
movement patterns have greater effects on regional cerebral
blood flow and cortical excitability, which can subserve epi-
sodic memory function [4, 24, 55]. It would be interesting
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Fig.2 Forest plot of the effect
sizes for the evaluated studies.
Only results from an inde-
pendent exercise group were
included in the meta-analysis.
The boxes represent the point
estimates from the single stud-
ies. The diamond represents the
pooled result. The horizontal
lines represent the length of
the 95% confidence intervals
of the study result, with each
end of the line representing the
boundaries of the confidence
intervals. RErandom effect

Loprinzi et al. (2020)_a_control - 0.97 [0.94, 1.00]
Loprinzi et al. (2020)_a_exercise — 0.95[0.91, 1.00]
Loprinzi et al. (2020)_b_control 0.91[0.82, 1.00]
Loprinzi et al. (2020)_b_exercise o 0.96 [0.92, 1.00]
Loprinzi et al. (2020)_c_control 0.91[0.82, 1.00]
Loprinzi et al. (2020)_c_exercise R 0.95[0.90, 1.00]
Austin et al. (2019)_control —a— 0.98 [0.95, 1.00]
Austin et al. (2019)_exercise e 0.96 [0.93, 1.00]
Haynes et al. (2019)_control — 0.93 [0.87, 0.99]
Haynes et al. (2019)_exercise HIH 0.99 [0.99, 1.00]
Johnson et al. (2019)_control —— 0.97 [0.95, 0.99]
Johnson et al. (2019)_exercise ] 0.95[0.92, 0.98]
Sng et al. (2018)_control —a— 0.95[0.92, 0.98]
Sng et al. (2018)_exercise | 0.90 [0.85, 0.96]
Frith et al. (2017)_control —a— 0.95[0.93, 0.98]
Frith et al. (2017)_exercise —a— 0.97 [0.95, 0.99]
RE Model - 0.96 [0.95, 0.97]
T T T T T 1
0.8 0.85 0.9 0.95 1 1.056

Table 3 Effect sizes by moderator variable in subgroup analysis

Moderator Number of Effect size 95% 95% 0,
effect size con- Lower CI Upper CI
tributions

Group

Exercise 8 096"  0.94 0.98 0.40

Control 8 095" 0.94 0.97

ClI confidence interval, Q, Cochran’s Q statistics
P <0.001

for future work to consider the effects of different exercise
modalities (e.g., open-skilled exercise) on learning [3, 23].
Lastly, considering that most of the evaluated studies uti-
lized the combined effect of short duration exercise fol-
lowed by a relatively short recovery period, null effects are
not surprising. As demonstrated thoroughly elsewhere [7],
the post-exercise recovery period may play a key role in
modulating the acute effects of exercise on memory func-
tion. Recent work from Loprinzi et al. [39] suggests that
a short (e.g., 5-min) recovery period with high-intensity
resistance exercise may compromise performance on word-
list episodic memory task, but a longer duration recovery
period (e.g., 10-20 min) after a single bout of high-intensity
resistance exercise may improve word-list episodic memory.
In contrast to these findings, Crush et al. [7] suggests that a
5 min resting period with acute moderate-intensity treadmill
exercise may have a favorable effect on memory function-
ing. Altogether, it is possible that the length of the post-
exercise recovery period may play a moderating role in the
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Observed Outcome

exercise-learning relationship. Due to the limited number
of studies included, we were unable to consider this factor
as a potential moderator; thus, future meta-analytic review
should evaluate whether the post-exercise recovery period
moderates the acute exercise effects on short-term memory
improvement.

This meta-analysis suggests that repetitive learning may
have beneficial effects on memory function, regardless of
exercise engagement. A major strength of this study is that
this is the first meta-analytic review to investigate the effects
of acute exercise on short-term memory improvement. In
spite of these strengths, there are some limitations worth
considering. Firstly, the present meta-analysis included
a relatively small number of experimental studies, all of
which came from the laboratory of the authors of this paper.
As such, future work, including from other laboratories, is
needed. Another limitation is that all six studies utilized a
sample of healthy young adults. Future work is needed to
establish the dynamic associations between the optimal exer-
cise parameters (e.g., duration, timing, intensity, and type)
and learning among a more diverse population, such as chil-
dren, the elderly, or individuals with mild cognitive impair-
ment. Use of diverse populations may be particularly useful;
in the present meta-analysis of college-aged students, the
short-term memory improvement curve across the 5 trials
was strong, and thus, may have been insensitive to behaviors,
such as low-to-moderate intensity exercise.

Secondly, as stated earlier, we initially intended to
explore the impact of other potential moderators (e.g.,
sample characteristics, exercise intensity, and exercise
duration); however, we were unable to conduct additional
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moderator analyses due to the lack of sufficient data.
According to Fu et al. [20], each subgroup should have
a minimum of four ESs. Small or imbalanced number of
studies may weaken statistical power of subgroup analysis
tests and warrant careful interpretation of the results from
subgroup analyses [28]. Accordingly, future work should
consider evaluating whether other moderating variables
have differential effects on short-term memory improve-
ment. Lastly, it would also be worthwhile for future work
to examine whether other types of learning/memory tasks
moderate the effects of acute exercise on short-term mem-
ory improvement. Such suggestions will be critical for
subsequent research that aims to demonstrate under what
conditions this acute exercise-induced effect may occur.
For example, in the standard RAVLT learning task, after
each trial, participants recall as many words as possible.
This retrieval component may have attenuated a poten-
tial exercise-induced effect on learning. Therefore, future
work should consider revaluating this model, but then, in
addition to including conditions where recall is performed
after each trial, compare it to conditions when recall is
only performed after the encoding of the fifth learning
trial; notably, recent research demonstrates reliable effects
of acute exercise on improving learning when recall only
occurs after the fifth trial [37].

At this point, future work is needed to confirm whether
acute exercise can enhance learning. If such work is in
alignment with our current meta-analytic findings, then
this will suggest that the observed effects of acute exer-
cise on long-term memory may occur from post-learning
mechanisms (i.e., hypothesis that acute exercise-induced
enhancements in long-term memory may occur less from
encoding, but more from consolidation-based mecha-
nisms). As an example, a recent meta-analysis by Loprinzi
et al. [36] demonstrated that the largest effect (Cohen’s
d=0.19, P <0.05) for enhancing long-term episodic
memory occurs when the acute bout of exercise occurs
shortly after learning. They have previously discussed the
potential mechanisms of this effect that acute exercise may
upregulate molecular pathways (e.g., BDNF, functional
connectivity, and long-term potentiation), which may, in
turn, help to facilitate long-term memory [16, 38, 41].
But, this is an area in need of future mechanistic research
in human models as the neurophysiological and molecu-
lar mechanisms related to this effect remain uncertain at
the moment. This is an exciting area of inquiry that will
require future experimentation to determine the extent to
which exercise enhances long-term memory, and whether
this occurs via enhanced learning and/or memory consoli-
dation mechanisms.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42978-021-00121-5.
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