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Abstract

Accumulating research demonstrates that acute exercise can enhance long-term episodic
memory. However, it is unclear if there is an intensity-specific effect of acute exercise on long-
term episodic memory function and whether this is influenced by the post-exercise recovery
period, which was the primary objective of this experiment. Another uncertainty in the literature
is whether aerobic endurance influences the interaction between exercise intensity and post-
exercise recovery period on long-term episodic memory function, which was a secondary
objective of this study. With exercise intensity and post-exercise recovery period occurring as
within-subject factors, and fitness as a between-subject factor, 59 participants (Mage = 20 years)
completed 12 primary laboratory visits. These visits included a 20-min bout of exercise (Control,
Moderate, and Vigorous), followed by a recovery period (1-, 5-, 10-, and 15-min) and then a
word-list episodic memory task, involving an encoding phase and two long-term recall
assessments (20-min and 24-hr delayed recall). The primary finding from this experiment was
that moderate and vigorous-intensity exercise improved memory function when compared to a
non-exercise control. A secondary finding was that individuals with higher levels of aerobic
endurance, compared to their lesser fit counterparts, had greater memory performance after
exercise (moderate or vigorous) when compared to after a control condition. Additionally,
individuals with higher levels of aerobic endurance, compared to their lesser fit counterparts,
generally performed better on the memory task with longer post-exercise recovery periods.
Future research should carefully consider these parameters when evaluating the effects of acute

exercise on long-term episodic memory.
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Introduction

Acute Exercise and Cognition

Given its implications for improving a variety of daily tasks or endeavors (e.g., academic
performance, problem solving), there has been an increased research interest over the last several
decades on the effects of acute exercise and the timing (in relation to the cognitive task (Roig et
al., 2016)) of acute exercise (i.e., a single bout of exercise) on cognitive function (Brisswalter,
Collardeau, & Rene, 2002; Chang, Labban, Gapin, & Etnier, 2012; Etnier et al., 2016; Gomez-
Pinilla & Hillman, 2013; Ishihara, Drollette, Ludyga, Hillman, & Kamijo, 2021; Labban &
Etnier, 2011, 2018; Lambourne & Tomporowski, 2010; Loprinzi, Loenneke, & Storm, 2021;
Pyke et al., 2020; Salas, Minakata, & Kelemen, 2011; Tomporowski, 2003; Tomporowski, Ellis,
& Stephens, 1987; Voss et al., 2020; Zuniga, Mueller, Santana, & Kelemen, 2019). Empirical
work has demonstrated a potential intensity-dependent effect of acute exercise on cognition;
moderate-intensity acute exercise may improve prefrontal cortex-dependent higher-order
cognition (Chang, Labban, Gapin, & Etnier, 2012), such as executive control, whereas vigorous-
intensity acute exercise may improve highly automated behavior (McMorris, 2016). Whether
these intensity-dependent effects of acute exercise on global cognition extend to specific
cognitive parameters, such as long-term episodic memory (defined as the remembrance of one’s
own previous experiences (Madan, 2020)), is less clear (Loprinzi, Roig, Etnier, Tomporowski, &
Voss, 2021) and requires additional empirical investigation.
Acute Exercise and Memory: Intensity-specific Effects

In 2013, Roig et al. (2013) conducted a comprehensive meta-analysis and reported that
acute exercise improves short-term or working memory (ES = 0.26) and long-term memory (ES

= 0.52), respectively, in approximately 48% and 58% of published studies. Their moderation



analyses suggested that working memory was enhanced to a greater extent when the exercise
duration was less than 20 min and performed at a low intensity. This aligns with a systematic
review (Loprinzi, 2018) suggesting that lower-intensity exercise (e.g., light and moderate) may
benefit working memory performance, whereas vigorous-intensity acute exercise may benefit
more simplistic memory outcomes (e.g., free-recall without dual task or interference) that may be
less reliant on cognitive control. As a follow-up to the 2013 meta-analysis by Roig et al.,
Loprinzi et al. (2019) meta-analyzed the temporal (exercise before, during, or after memory
encoding) effects of acute exercise on memory. The results of this meta-analysis demonstrated
that acute exercise prior to encoding improved memory performance, but this effect was more
pronounced for vigorous-intensity exercise. These meta-analyses, however, only provide initial
support for the moderation effects of exercise intensity; a limited number of studies were
included in these analyses, and sub-group analyses, as opposed to meta-regression, were
employed to evaluate such moderation effects. The present study extends the work included in
these prior reviews by experimentally evaluating the moderation effects of exercise intensity.
Acute Exercise and Memory: Mechanisms

As reviewed by El-Sayes et al. (2019), acute exercise, particularly vigorous-intensity
exercise, may improve memory function via neural plasticity-related mechanisms. Acute
exercise may alter molecular changes, such as increasing vascular endothelial growth factor and
brain-derived neurotrophic factor (Ludyga, Gerber, & Kamijo, 2022). These molecular responses
may lead to functional responses (e.g., increased blood flow, glucose and oxygen metabolism,
neurotransmitter release, neural/receptor activity), which ultimately may improve memory
function, either through encoding and/or consolidation-based mechanisms (Loprinzi, Roig,

Etnier, Tomporowski, & Voss, 2021). In addition to functional responses, acute exercise-related



alterations may, in theory, induce structural neuronal changes that subserve memory function.
For example, animal work demonstrates that induction of long-term potentiation (sustained
excitatory post-synaptic potentiation) via electrical stimulation can induce synaptic changes (e.g.,
increases in the size of dendritic spines) within a few hours of the stimulus induction (Amaral &
Pozzo-Miller, 2009; Bourne & Harris, 2012); speculatively, exercise may induce similar effects
(van Praag et al., 2002). Importantly, however, the time course through which these (acute
exercise-induced) functional and structural responses influence memory — as well as the extent to
which repeated bouts of acute exercise are needed for such effects — needs to be explored in
future work. There may, however, be important factors (e.g., cardiorespiratory fitness) that
influence the extent to which these mechanisms mediate the effects of acute exercise on memory.
Acute Exercise and Memory: Fitness-specific Effects

Health-related physical fitness includes many components (e.g., cardiorespiratory
endurance/fitness, body composition, muscular strength, balance, coordination), but of interest
here is the role of cardiorespiratory fitness on memory. Cardiorespiratory fitness involves the
ability of the circulatory and respiratory systems to supply oxygen to the body and brain during
sustained exercise; it is often measured (from expired gases via indirect calorimetry) by the
amount of oxygen an individual can consume and utilize during a maximal graded exercise test.
A recent systematic review reported an association between cardiorespiratory fitness and
episodic memory performance (Rigdon & Loprinzi, 2019), such that lower fitness is associated
with worse memory across multiple memory systems (Pontifex et al., 2014). As suggested by
Pontifex et al. (2019), the fitness level of an individual may influence the rate of task acquisition
(learning), presumably as a result of fitness moderating the physiological and psychological

response to exercise. For example, it has been theorized that cardiorespiratory fitness may prime



the underlying neurophysiological mechanisms that are related to exercise-induced
improvements in memory (Pontifex et al., 2019). Importantly, however, recent work reports that
aerobic fitness is unrelated to the acquisition of spatial relational memory (Chandler et al., 2020).
Similarly, past meta-regression analyses do not support an association between cardiorespiratory
fitness and general cognitive performance (Etnier, Nowell, Landers, & Sibley, 2006). These
mixed findings in the literature were the impetus for the present study to evaluate the potential
link between fitness/endurance and episodic memory performance. At this point, it is unclear
why fitness may, potentially, have a different effect on episodic memory versus other aspects of
cognition, but this is plausible as, for example, past meta-analytic work demonstrates that acute
exercise may have different effects based on the evaluated cognitive outcome (e.g., executive
function, reaction time, attention) (Chang, Labban, Gapin, & Etnier, 2012). In addition to further
evaluating this potential moderating role of fitness — to help coalesce the literature — the present
study also evaluates whether this potential association is influenced by the post-exercise recovery
period.
Acute Exercise and Memory: Fitness and Post-Exercise Recovery

When exercising (especially vigorous-intensity) and completing a cognitive task at the
same time, cognitive resources may be in competition between sustaining the exercise intensity
and engaging in cognitive operations when completing the cognitive task (Jung, Ryu, Kang,
Javadi, & Loprinzi, 2022). Even after the cessation of exercise and the cognitive task, metabolic
resources may be used to facilitate the recovery process at the expense of their use for optimal
cognitive processing post-exercise. From a psychological perspective, hypothetically, superior
fitness may facilitate a quicker exercise recovery, particularly from higher-intensity acute

exercise. This faster post-exercise recovery may allow for greater cognitive resources needed



when completing a post-exercise cognitive task; for example, a quicker recovery may help
prevent any lingering effects of physical and cognitive fatigue from exercise and may also allow
for these additional cognitive resources to help optimize subsequent memory encoding.
Interestingly, recent cross-sectional research demonstrates that higher fit individuals display
greater attentional processes during a lexical decision task (Chandler, McGowan, Payne,
Hampton Wray, & Pontifex, 2019), a finding supported by the broader literature that was
inclusive of cross-sectional and longitudinal designs (Kao et al., 2020). In addition to these
theoretical explanations, empirical work has started to evaluate if cardiorespiratory fitness
moderates the effects of acute exercise on memory.

A meta-analysis by Roig et al. (2013) reported that fitness level did not influence the
effects of acute exercise on short-term memory. In the same meta-analysis individuals with an
average fitness level had the largest effects on long-term memory, but this evidence came from a
single study, and thus, should be interpreted with much caution. Rather than focusing specifically
on memory, Chang et al. (2012) conducted a meta-analysis evaluating whether fitness moderated
the effects of acute exercise on global cognition; a larger number of studies were included in this
moderation analysis given that the outcome (global cognition) was more inclusive. Their meta-
analysis reported that when cognition was assessed immediately following exercise, acute
exercise improved cognition among those with low (d = .169) and high fitness (d = .220), but not
those with moderate fitness (d = .029). When cognition was assessed after a delay (> 15 min)
following exercise, acute exercise improved cognition among those with moderate (d = .202) and
high fitness (d = .331), but not those with low fitness (d = .308). These meta-analytic findings,
by themselves, are challenging to interpret. For example, it is uncertain as to why moderately fit

individuals would have their long-term memory benefit most from acute exercise. Similarly, it is



uncertain as to why moderately fit individuals would not see improvements in global cognition
when assessed immediately after exercise, but would see benefits following a delay after
exercise. These meta-analytic findings do, however, justify the need for additional work on this
topic, as highlighted elsewhere (Pontifex et al., 2019). Further justification for evaluating this in
an empirical experiment is that these prior meta-analyses were limited by including relatively
few studies — with heterogeneity across studies — in their moderation analyses. It seems
reasonable, however, to speculate that the post-exercise recovery duration would interact with
fitness level to influence the effect of acute exercise on memory. For example, individuals with a
lower fitness level may benefit less from vigorous-intensity acute exercise (due to excessive
fatigue), especially if the post-exercise recovery period is short. Of course, if these main effects
are substantiated with empirical studies, then additional work will be needed to confirm whether
there is any veracity to these speculated mechanisms.
Present Experiment

The present experiment systematically manipulates the acute exercise intensity and post-
exercise recovery period to evaluate if these factors interact to influence episodic memory, and to
what extent these relationships may be influenced by cardiorespiratory fitness/endurance
performance. Unlike past meta-analytic work (Chang, Labban, Gapin, & Etnier, 2012), which
evaluated whether cognition was improved immediately or > 15 min after exercise, the present
experiment systematically evaluates the effects of acute exercise on memory when considering
multiple recovery periods within the first 15 min post-exercise; that is, after exercising,
participants completed 1-, 5-, 10-, or 15-min periods of rest — watching a video — before starting
the encoding phase of the memory task. We intentionally focused on the first 15 min after

exercise for several reasons. Crush and Loprinzi (2017) showed that explicit memory 5 min after



moderate-intensity exercise, but not 15 or 30 min after exercise, was improved. Recent work by
Loprinzi, Lovorn and Gilmore (2020) demonstrates that explicit episodic memory function is not
improved 30 min after an acute bout of vigorous-intensity acute exercise. However, research by
Winter et al. (2007) suggested that learning speed and one-week retention was improved 15 min
after high-intensity acute exercise. Thus, the first 15 min after exercise may be an optimal
window for episodic memory enhancement to occur.

The primary objective of this study was to evaluate if there is an intensity-specific effect
of acute exercise on episodic memory and determine whether this depends on the duration of the
post-exercise recovery period. A secondary objective of this study was to evaluate if the fitness
level of the individual moderates the potential interaction between acute exercise intensity and
post-exercise recovery period on episodic memory function. Regarding our primary objective,
we hypothesize that long-term episodic memory will benefit most from vigorous-intensity acute
exercise (v moderate-intensity or control) and this effect will occur across all post-exercise
recovery periods, whereas moderate-intensity acute exercise (v control) will improve episodic
memory when coupled with shorter post-exercise recovery periods. Regarding our secondary
objective, we anticipate a three-way interaction between exercise intensity, post-exercise
recovery period, and fitness. Specifically, we anticipate that vigorous-intensity acute exercise
will be optimal in enhancing episodic memory, but this will be restricted to more fit individuals
and will occur across all post-exercise recovery periods. We hypothesize, however, that lesser-fit
individuals will benefit by having a longer post-exercise recovery period, especially after
vigorous-intensity acute exercise.

For these primary and secondary objectives, memory performance was assessed using

free recall, as opposed to cued-recall or a recognition task, as free recall may be more sensitive to



exercise (Moutoussamy, Taconnat, Pothier, Toussaint, & Fay, 2022). Further, we employed two
long-term memory recall assessments, occurring 20-min and 24-hr after memory encoding.
Although prior work has shown improvements in memory 20 min after exercising (Loprinzi et
al., 2020), due to a longer period for consolidation to occur, a 24-hr delayed assessment might be
more sensitive to exercise-induced differences in encoding/consolidation than the 20-min
delayed assessment. Notably, empirical work demonstrates that acute exercise may have a
greater effect on memory with longer retention intervals (Loprinzi et al., 2021; Roig,
Nordbrandt, Geertsen, & Nielsen, 2013). Thus, including two long-term memory assessments
will allow us to determine if the time period post-encoding moderates the effects of acute
exercise on long-term memory performance. Further, this will allow for a somewhat unique
investigation as to whether acute exercise may improve long-term memory through increasing
the number of item gains over time (e.g., not recalled at the first time period, but recalled at the
second time period) or reducing the number of item losses over time (e.g., recalled at the first
time period, but not recalled at the second time period) (Sng, Frith, & Loprinzi, 2018).
Methods

Participants. Participant recruitment occurred via a purposive, non-random sampling
approach; participants were recruited from undergraduate and graduate courses at the University
of Mississippi; sampling occurred across a variety of majors (e.g., public health, exercise
science, biology, and psychology). We aimed to sample 60 participants. Notably, this sample
size is approximately three times higher than the average sample size among experiments on this
topic (see Figure 9 in Pontifex et al., 2019). Among the 60 recruited participants, one did not
start the study, whereas seven participants started the study but failed to complete all 12

conditions (e.g., did not show up for a visit, dropped out of the study), leaving a total of 52
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participants with complete data. Among these 52 participants compared to the seven with
incomplete data, there were no differences in body mass index, t = .07, df =57, p = .94, self-
reported moderate-to-vigorous physical activity, t = .53, df = 57, p = .60, aerobic endurance, t =
.67, df =57, p = .50, age, t = .50, df = 57, p = .62, or biological sex, ¥*= .62, df = 1, p = .43. We
retained all 59 participants in the analyses by using linear mixed models.! Linear mixed models
are able to accommodate all of the available data for each subject, without having to drop the
subject from the analyses if they have a few missing data points (West, 2009).

This study was approved by the ethics committee at the University of Mississippi and all
participants provided written consent before participation. Participation was voluntary, with no
financial compensation provided.

Eligibility Criteria. Similar to other work (Loprinzi, Rigdon, Javadi, & Kelemen, 2021),
participants were excluded from participation (starting the study) if they (1) self-reported as a
daily smoker; (2) self-reported being pregnant; (3) had a concussion or head trauma within the
past 30 days; (4) used marijuana or other mind-altering drugs within the past 30 days; (5) were
considered a daily alcohol user (> 30 drinks/month for women; > 60 drinks/month for men) or
consumed alcohol in the past 12 hr, (6) were diagnosed with COVID-19 within the last two
weeks, (7) were outside the age range of 18-25 years, (8) had a current diagnosis of a
psychological disorder, (9) had been diagnosed with a learning disorder, or (10) answered “yes”
to any of the seven questions on the Physical Activity Readiness Questionnaire (PAR-Q),

suggesting that they should seek medical advice before exercising. These exclusionary criteria

1 With 12 conditions, including two memory assessments (20-min and 24-hr delays), 24 primary data points
occurred for each participant. Among the seven participants with incomplete data, six participants each had one
missing data point and one participant had 14 missing data points.
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were selected as they may influence memory function, and in turn, could potentially confound
the effects of acute exercise on memory function.

Study Design and Procedures. A 3 (Intensity: Control, Moderate, Vigorous) x 4 (Post-
Exercise Recovery: 1-min Post, 5-min Post, 10-min Post, 15-min Post) factorial design was
employed. Both factors (Exercise Intensity, Post-Exercise Recovery) occurred as within-subject
factors. See Figure 1 for an illustration of the study procedures. Prior to all visits, participants
were instructed to not exercise within five hr of each visit and not to consume caffeine within six
hr of each visit.

Allocation concealment occurred by both the researcher and participant not knowing
which condition the participant would complete until arriving in the lab. Randomization was
performed using a computer-generated algorithm.

Participants completed 13 visits in total. The first visit included a maximal exercise
(treadmill) test to determine the participant’s maximal heart rate, endurance capacity, and to also
familiarize the participant with the memory protocol. The maximum heart rate achieved during
the first visit was used in the heart rate reserve formula to set the exercise intensity for the
Moderate-intensity and Vigorous-intensity conditions.

Visits 2-13 occurred in a random order, at approximately the same time of day (+ 2 hr) at
a within-subject level (i.e., although variations occurred between subjects, we attempted to
minimize variability across visits at the within-subject level), and occurred approximately 24-72
hr apart. For these 12 within-subject conditions, the protocol was as follows. The four Control
conditions involved no exercise, but included watching a video for 21-min, 25-min, 30-min, and
35-min before starting the memory task (encoding). The four Moderate-intensity conditions

involved exercising (treadmill) for 20-min at a moderate intensity and then either resting (video)
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for 1-min, 5-min, 10-min, or 15-min before starting the memory task (encoding). Lastly, the four
Vigorous-intensity conditions involved exercising (treadmill) for 20-min at a vigorous intensity
and then either resting (video) for 1-min, 5-min, 10-min, or 15-min before starting the memory
task (encoding).

We intentionally chose a 20-minute treadmill exercise duration as past work shows that
20 min of treadmill exercise is sufficient in enhancing memory (Loprinzi et al., 2021).
Furthermore, although the timing of their effect in the brain in relation to changes in peripheral
concentration is uncertain (see discussion in Skriver et al., 2014), key memory-related
neurotrophins, such as brain-derived neurotrophic factor, reach their zenith at this period of acute
exercise (Saucedo Marquez, Vanaudenaerde, Troosters, & Wenderoth, 2015). Additionally, as
stated in the Introduction section, key mechanisms (e.g., neurotransmitters) of the exercise-
memory relationship are elevated within the first 15-min after exercise (Maddock, Casazza,

Fernandez, & Maddock, 2016; Skriver et al., 2014).

20-min of Control, Moderate-intensity or Vigorous-intensity Exercise

T

20-min 24-hour

- Recovery Memory 20 Minute * Delayed * Leave * Delayed
Condition = Period > Encoding - Video Memory Lab Memory
Recall Recall

v

1-, 5-, 10-, or 15-minutes

Figure 1. Experimental study procedures. Participants completed this procedure a total of 12

times, on separate occasions, as both Condition and Recovery Period were within-subject factors.
Maximal Exercise Visit (1% session). The first laboratory visit included a maximal

treadmill-based assessment. The specific assessment included an individualized protocol (Mier

& Gibson, 2004). Participants warmed-up for 3-min by walking at 3.5 miles per hour. Following
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this, they engaged in a constant speed throughout the test while the grade increased by 2% every
2-min. After the warm-up period, the speed was set, and remained, at 5.5 mph for the entire
exercise protocol. Due to COVID-19 concerns with researchers being exposed to participant
saliva, oxygen consumption (via indirect calorimetry) was not measured, but rather, the exercise
duration (seconds) during the maximal exercise test was used as a measure of endurance
performance (proxy for cardiorespiratory fitness). Notably, time-to-exhaustion protocols, such as
this, are highly correlated with direct measures of oxygen consumption (r = .91-.94) (Pollock et
al., 1982).2

During the maximal treadmill test, heart rate (HR) was monitored throughout. Rating of
perceived exertion (RPE) was evaluated (6-20 scale) at the conclusion (endpoint) of the bout of
exercise; 6 represents “no exertion at all”, 9 “very light”, 13 “somewhat hard”, 15 “hard”, 17
“very hard”, 19 “extremely hard”, and 20 “maximal exertion”. The maximal treadmill exercise
bout ended when the participant elected to stop exercising due to exhaustion.

Control, Moderate-intensity Exercise, Vigorous-intensity Exercise. The Control
conditions involved a time-matched cognitive engagement task (self-selected video, e.g., national
geographic video). There is experimental evidence suggesting that this type of control task
(video viewing) does not prime or enhance memory function (Blough & Loprinzi, 2019). The
video was watched without sound to induce a low stimulus condition to prevent boredom
(Suwabe et al., 2017). To maintain the same context and posture, the Control conditions involved

the participant watching the video while standing on the treadmill.

2 The sample in the Pollock et al. article is more heterogeneous than our sample. For example, they had a mean (SD)
age of 27.0 years (5.2), whereas our sample was 20.5 years (1.2). Thus, it is possible that the correlation between
time-to-exhaustion and oxygen consumption would be even stronger in our sample.
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The exercise conditions involved treadmill exercise for 20 min, followed by either a 1-,
5-, 10-, or 15-min period of rest (standing). During both the exercise and rest periods,
participants had a video (sound off) placed in front of the treadmill to match the context of the
Control conditions.

Using the participant’s maximal heart rate achieved during their maximal exercise bout
(visit 1), they exercised at 50% of their HRR (heart rate reserve) for the Moderate-intensity
conditions and 80% of their HRR for the Vigorous-intensity conditions (Garber et al., 2011).
Heart rate reserve was calculated as ([(HRmax — HRrest) * % target intensity] + HRyest). The resting
heart rate measurement occurred after resting quietly for at least three min.

At baseline, throughout the acute exercise bout (every 5 min), and during the rest period
(1-, 5-, 10- and 15-min post), heart rate was assessed. Heart rate was measured via a chest-strap
Polar heart rate monitor (H10 model). Rating of perceived exertion (RPE) was measured at the
very end of the exercise bout and measured using a 6-20 scale.

Due to concerns with COVID-19, during the entire experimental session (exercise and
cognitive testing), participants wore a cloth or surgical facemask (the participant’s own mask).
This may have had some influence on the data, but if so, we anticipate that it had a minimal
effect. For example, even during or after walking exercise, wearing a mask does not appear to
influence mood or cognitive performance (Caretti, 1999). Similar findings have been shown for
light-intensity cycling (Morris, Piil, Christiansen, Flouris, & Nybo, 2020). Further, even during
vigorous-intensity exercise, wearing a facemask does not appear to induce meaningful effects on
the work of breathing, blood gases, and other physiological parameters (Hopkins et al., 2020).

Memory Assessment

15



Study List. The memory task was programmed in E-Prime (v. 3). Similar to common list-
learning paradigms (e.g., Ray Auditory Verbal Learning Test), participants were exposed to 5
trials, each including 15 words, in black lowercase letters (Calibri typeface, font size 22) on a
desktop computer. Notably, this memory protocol has been shown to be sensitive to exercise-
related improvements in memory (Loprinzi et al., 2021). The words were identical across the 5
trials, but were displayed in a random order, across trials and participants. Separate word lists,
occurring in a random order, were used for each of the 12 visits.® Each word remained on the
screen for 1500 ms and participants read the word aloud as it appeared on the screen (to ensure
they were processing the stimuli). A short (3 s) intermittent break occurred between the five
trials.

Each word list was created by utilizing the MRC Psycholinguistic Database from the
University of Western Australia. The following criteria were set for each word: number of letters
(4-10), number of syllables (1-3), familiarity rating (450-700), concreteness rating (450-700),
imageability rating (450-700), meaningfulness rating (450-700), and only nouns were used. No
two words within each list were semantically related (r < .30) from a latent semantic analysis.
Further, a similar proportion of animate words (i.e., animates can act; grow and reproduce;
know, perceive, emote, learn and deduce; and made of biological structures that maintain life)
appeared in each list (Bonin, Gelin, & Bugaiska, 2014). An ANOVA demonstrated that, across
the 12 lists, there was not a statistically significant difference in the number of letters, F(11, 179)

=.74,p=.70, M (SE) = 6.04 (.10), number of syllables, F(11, 179) = .65, p=.78, M (SE) = 1.71

3 With multiple temporal conditions, there is a potential concern with learning or carry-over effects (i.e.,
participants, over time, get better at recall because of repeated experience with the protocol). Sensitivity analyses,
however, did not support this possibility. The mean (SE) proportion of words recalled at the 20-min delay for visits
1-12 (in sequential order) were: 0.56 (0.03), 0.55 (0.03), 0.55 (0.03), 0.55 (0.02), 0.55 (0.03), 0.56 (0.03), 0.54
(0.03), 0.52 (0.03), 0.52 (0.02), 0.58 (0.03), 0.53 (0.03), and 0.53 (0.03). A repeated measures ANOVA
demonstrated that there was not a significant trend across the sequential visits, F(11, 561) = 0.94, p = 0.49, n?= .01.
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(.05), familiarity rating, F(11, 179) = .65, p = .78, M (SE) = 545.99 (3.86), concreteness rating,
F(11, 179) = .82, p = .62, M (SE) = 563.76 (3.67), imageability rating, F(11, 179) =1.13,p =
.34, M (SE) = 577.37 (3.18), meaningfulness rating, F(11, 179) = .67, p =.77, M (SE) = 491.56
(2.50), and proportion of animate words, F(11, 179) = .26, p = .99, M (SE) = .21 (.03).

Recall Assessment. Immediately after encoding the 5% trial, participants watched a video
(either The Office or The Big Bang Theory) for 20-min. While viewing the video, participants
were asked to draw three small pictures that depict three major scenes from the 20-min video;
this was implemented to avoid participants actively rehearsing the words during this 20-min
delay period.

After this 20-min delay period, participants free recalled as many words as possible.
Twenty-four hr later, participants completed a final free-recall assessment. For both recall
assessments (20-min delay and 24-hr delay), after the participant recalled their final word, they
were encouraged to try and recall at least one more word; this was implemented to avoid
minimal effort during memory recall. The subsequent laboratory visit did not occur until after the
24-hr free recall assessment had occurred. Further, between the 20-min and 24-hr delayed
assessments, participants were instructed to not exercise. Also, participants were instructed to not
consume caffeine six hr prior to both of these assessments and to not rehearse the words during
the retention intervals (i.e., during the 20-min and 24-hr delay periods).

Ultimately, several primary memory outcomes were evaluated, including the number of
words recalled at the 20-min delay, the number of words recalled at the 24-hr delay, and a
proportional difference score. A proportional difference score was calculated to control for
individual differences at immediate recall; proportional difference was calculated as (24-hr recall

/ 20-min delay recall). In addition these outcomes, and using the recall performance at the 20-
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min and 24-hr delay periods, four additional outcomes were calculated: the number of item gains
over time (e.g., not recalled at the first time period, but recalled at the second time period), the
number of item losses over time (e.g., recalled at the first time period, but not recalled at the
second time period), the number of items unrecalled at both time periods, and the number of
items recalled at both time periods.
Additional Assessments

On the first visit, various demographic parameters were assessed, including self-report of
age and sex, and measured height and weight for determination of body mass index (kg/m?).
Additionally, weekly engagement in self-reported moderate-to-vigorous physical activity was
assessed using the two item (number of days and average minutes per day) Physical Activity
Vital Sign questionnaire (Ball, Joy, Gren, & Shaw, 2016).
Analyses

Our primary aim was to evaluate if there is an intensity-specific effect of acute exercise
on episodic memory and determine whether this depends on the duration of the post-exercise
recovery period. To investigate this primary aim, a 3 (Exercise Intensity: Control, Moderate,
Vigorous) x 4 (Post-Exercise Recovery: 1-min Post, 5-min Post, 10-min Post, 15-min Post)
linear mixed model analysis was employed. Models were computed separately for the different
memory outcomes, namely 20-min delayed recall (# of words), 24-hr delayed recall (# of words),
proportional difference (24-hr delay / 20-min delay), gains (# of items), losses (# of items),
unrecalled at both time periods (# of items), and recalled at both time periods (# of items).

Our secondary aim was to evaluate if the fitness level of the individual moderates the
potential interaction between acute exercise intensity and post-exercise recovery period on

episodic memory function. To investigate this secondary aim, a 3 (Exercise Intensity) x 4 (Post-
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Exercise Recovery) x 2 (Endurance: above v below median (729 sec) level) linear mixed model
analysis was computed; separate models were computed for the following outcomes: 20-min
delayed recall (# of words), 24-hr delayed recall (# of words), and proportional difference.

All linear mixed model analyses were computed in SPSS (v 28) using general guidelines
detailed by West (2009). Subject ID (nominal) served as a random effects variable with the
inclusion of the intercept; Exercise Intensity (3-level ordinal variable) and Post-Exercise
Recovery (4-level ordinal variable) served as fixed effects variables; and Endurance (binary
variable) was entered in the model as a covariate (Field, 2015) for the secondary aim. With the
inclusion of the random intercept, a scaled identity covariance structure was used given the
random effect with only one level. The estimation method used was Maximum likelihood (ML).
For the fixed effects, Type Il tests were used for the sum of squares estimation. Degrees of
freedom were estimated using Satterthwaite approximation.

Based on a sensitivity analysis, with inputs of an a of 0.05, power of 0.80, 59
participants, 12 measurements/conditions (three exercise intensities across four recovery
periods), and an assumed repeated measures correlation of 0.50, there was sufficient power to
detect a small effect (i.e., effect size f of 0.11; notably, a small- to medium-effect, respectively,
ranges from 0.10 to 0.25). Results of the manipulation checks are shown in the Appendix.

Results
Participant Characteristics

Table 1 displays the demographic and behavioral characteristics of the sample. The
participants, on average, were 20.5 years of age (SE =.17; range = 18-23), mixed between
women (55.8%) and men (44.2%), who were physically active on a regular basis (mean of 210.6

min/week of moderate-to-vigorous intensity physical activity). The target heart rate for the
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moderate- and vigorous-intensity exercise conditions, respectively, were 50% and 80% of HRR,
corresponding to 138.5 bpm and 170.8 bpm in the present sample. Across the four moderate-
intensity exercise conditions, the mean heart rates at the endpoint of exercise were 138.7, 138.7,
139.1, and 138.8. Across the four vigorous-intensity exercise conditions, the mean heart rates at
the endpoint of exercise were 168.4, 169.2, 170.2, 169.9. The complete set of heart rate
responses across all conditions and time points are shown in the Appendix.

Table 1. Demographic, behavioral, and performance characteristics of the sample (N = 59).

Variable Point Estimate SE
Age, mean years 20.5 .16
Sex, % Female 56.7

Measured body mass index, mean kg/m? 24.0 49
Physical activity, mean min/week of MVPA 207.0 19.6
Duration lasted on maximal treadmill test, mean sec 771.1 30.0

MVPA, Moderate-to-vigorous physical activity

Memory Performance

Interaction between Exercise Intensity and Post-Exercise Recovery. Table 2 displays

the memory results (20-min delay, 24-hr delay, and proportional difference) across the

conditions. Table 3 shows the memory results for gains, losses, unrecalled at both time periods,

and recalled at both time periods.

Table 2. Memory results (estimated marginal means (SD)) across conditions.

Condition

20-min delay

24-hr delay

Proportional
Difference

Control (20-min) and then 1-min additional rest
Control (20-min) and then 5-min additional rest
Control (20-min) and then 10-min additional rest
Control (20-min) and then 15-min additional rest
Moderate-intensity (20-min) and then 1-min rest
Moderate-intensity (20-min) and then 5-min rest
Moderate-intensity (20-min) and then 10-min rest
Moderate-intensity (20-min) and then 15-min rest
Vigorous-intensity (20-min) and then 1-min rest
Vigorous-intensity (20-min) and then 5-min rest
Vigorous-intensity (20-min) and then 10-min rest
Vigorous-intensity (20-min) and then 15-min rest

7.98 (3.41) (n=59)
7.71 (3.30) (n=58)
7.43 (3.35) (n=58)
8.03 (3.44) (n=58)
8.05 (3.49) (n=59)
8.36 (3.88) (n=59)
8.12 (3.62) (n=58)
7.98 (3.44) (n=59)
8.29 (3.58) (n=58)
8.32 (3.59) (n=59)
8.07 (3.31) (n=59)
7.97 (3.61) (n=58)

5.36 (3.73) (n=59)
5.45 (3.53) (n=58)
5.17 (3.46) (n=58)
5.02 (3.29) (n=57)
5.90 (3.79) (n=59)
6.17 (4.31) (n=58)
5.68 (4.05) (n=57)
6.12 (3.62) (n=59)
6.77 (3.66) (n=57)
5.78 (3.74) (n=59)
6.44 (3.52) (n=57)
6.16 (3.84) (n=56)

65 (.31) (n=59)
67 (.32) (n=58)
66 (.29) (n=58)
60 (.26) (n=57)
69 (.28) (n=59)
67 (.27) (n=58)
69 (.30) (n=57)
73 (.29) (n=59)
81 (.24) (n=57)
68 (.29) (n=59)
74 (.23) (n=57)
72 (.31) (n=56)
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The “20-min” in parentheses represents the duration of the condition (control/exercise). 20-min
delay represents the number of words (out of 15 words) recalled 20-min after encoding. 24-hr
delay represents the number of words (out of 15 words) of words recalled 24-hr after encoding.
Proportional difference was calculated as (24-hr recall / 20-min delay recall).

Table 3. Estimated marginal means (SD) for the item types across condition

Gains Losses Unrecalled Recalled
Both Both
Control .19 (.50) 2.68 (2.10) 7.07 (3.40) 5.06 (3.47)
Moderate 22 (.57) 2.38 (2.09) 6.67 (3.69) 5.74 (3.82)
Vigorous .24 (.55) 2.18 (2.12) 6.52 (3.57) 6.07 (3.60)

With memory performance at the 20-min delay as the outcome, a 3 (Exercise Intensity) x
4 (Post-Exercise Recovery) linear mixed model analysis demonstrated that the Type 111 tests of
fixed effects yielded no main effects for Exercise Intensity, F(2, 643.08) = .2.44, p = .09, Post-
Exercise Recovery, F(3, 643.04) = .63, p = .60, or an interaction of these factors, F(6, 643.12) =
.63, p = .71. Estimates of the fixed effects with Vigorous as referent were as follows; Control, M
(95% CI) = .07 (-.71, .85), SE = .40, df = 643.00, t = .17, p = .86; Moderate, M (95% CI) = .07 (-
.70, .85), SE = .39, df = 643.06, t = .19, p = .85. Estimates of the fixed effects with the 15-min
recovery period as referent were as follows; 1-min rest, M (95% CI) = .33 (-.45, 1.11), SE = .40,
df =643.00, t = .83, p = .41; 5-min rest, M (95% CI) = .41 (-.36, 1.19), SE = .39, df = 643.16, t =
1.05, p = .30; 10-min rest, M (95% CI) = .16 (-.62, .93), SE = .39, df = 643.16, t = .40, p = .69.

With memory recall at the 24-hr delay as the outcome, the Type 111 tests of fixed effects
yielded a main effect for Exercise Intensity, F(2, 635.15) = 10.17, p < .001 (see Figure 2), but no
main effect for Post-Exercise Recovery, F(3, 635.27) = .43, p = .74, or an interaction of these
factors, F(6, 635.33) = .91, p = .49. The Sidak-adjusted pairwise comparison demonstrated that
Control had a lower memory recall than Moderate, Maitr (95% CI) = -.74 (-1.29, -.19), SE = .23,
df = 635.15, p =.004, Control had a lower memory recall than Vigorous, Maifr (95% CI) =-1.00

(-1.56, -.45), SE = .23, df = 635.10, p <.001, but Moderate was not different than Vigorous, Maits
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(95% CI) =-.26 (-.82, .29), SE = .23, df = 635.20, p = .59. Estimates of the fixed effects with
Vigorous as referent were as follows; Control, M (95% CI) = -1.08 (-2.00, -.17), SE = .47, df =
635.23, t =-2.32, p = .02; Moderate, M (95% CI) = .06 (-.85, .97), SE = .46, df = 635.56, t = .12,
p = .90. Estimates of the fixed effects with the 15-min recovery period as referent were as
follows; 1-min rest, M (95% CI) = .63 (-.29, 1.54), SE = .47, df =635.23, t = 1.34, p = .18; 5-min

rest, M (95% CI) =-.28 (-1.19, .63), SE = .46, df =635.56, t = -.61, p = .54; 10-min rest, M (95%
Cl)=.30(-.62, 1.22), SE = .47, df = 635.23, t = .64, p = .52.
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Figure 2. Violin plot depicting the mean (95% CI) number of words recalled at the 24-hr delay
period as function of exercise intensity. Moderate (M = 5.96, SE = .39) and Vigorous (M = 6.22,

SE =.39) were different than Control (M =5.22, SE =.39), p = .004 and p < .001, respectively,
but Moderate and Vigorous did not differ from each other, p = .59.

With proportional difference as the outcome, the Type 111 tests of fixed effects yielded a
main effect for Exercise Intensity, F(2, 635.54) = 7.86, p < .001, but no main effect for Post-
Exercise Recovery, F(3, 635.79) = .91, p = .43, or an interaction of these factors, F(6, 635.95) =
1.50, p =.17. The Sidak-adjusted pairwise comparison demonstrated that Control had a lower
memory recall than Vigorous, Maitf (95% CI) =-.09 (-.15, -.04), SE = .02, df = 635.46, p < .001,

but Moderate was not different than Vigorous, p = .17, or Control, p = .11. Estimates of the fixed
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effects with Vigorous as referent were as follows; Control, M (95% CI) =-.12 (-.21, -.02), SE =
.05, df =635.95, t = -2.45, p = .02; Moderate, M (95% CI) = .01 (-.08, .11), SE = .05, df =
635.56, t = .28, p = .78. Estimates of the fixed effects with the 15-min recovery period as referent
were as follows; 1-min rest, M (95% CI) = .09 (-.004, .18), SE = .05, df =635.95,t=1.87,p =
.06; 5-min rest, M (95% CI) = -.04 (-.13, .06), SE = .05, df = 635.56, t = -.74, p = .46; 10-min
rest, M (95% CI) = .03 (-.07, .12), SE = .05, df = 635.95, t = .52, p = .60.

To evaluate if the potential effects of acute exercise on memory are due to item gains or
losses, a 3 (Exercise Intensity) x 4 (Post-Exercise Recovery) linear mixed model was computed.
With gains as the outcome, the Type 111 tests of fixed effects demonstrated that there were no
main or interactive effects, ps > .37. With losses at the outcome, the Type I11 tests of fixed
effects demonstrated a main effect for Exercise Intensity, F(2, 635.63) = 4.18, p =.01. The
Sidak-adjusted pairwise comparison demonstrated that Control had more losses than Vigorous,
Maifr (95% CI) = .51 (.09, .72), SE = .18, df = 635.55, p = .01; no other comparisons were
significant, p > .24. With unrecalled at both time periods as the outcome, the Type 111 tests of
fixed effects demonstrated a main effect for Exercise Intensity, F(2, 635.11) = 3.59, p = .028.
The Sidak-adjusted pairwise comparison demonstrated that Control had more words that were
unrecalled at both time period when compared to Vigorous, Mgitf (95% CI) = .51 (.02, .99), SE =
.20, df = 635.07, p = .038; no other comparisons were significant, p > .10. Similarly, when
recalled at both time periods was the outcome, the Type 111 tests of fixed effects demonstrated
there was a main effect for Exercise Intensity, F(2, 635.15) = 9.93, p < .001. The Sidak-adjusted
pairwise comparison demonstrated that Control had fewer words that were recalled at both time

period when compared to Moderate, Maitf (95% CI) =-.70 (-1.24, -.16), SE = .22, df =635.15, p
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=.006; and Vigorous, Mgiff (95% CI) =-.97 (-1.51, -.43), SE = .23, df =635.10, p < .001;
Moderate did not differ from Vigorous, p = .53.

Interaction between Exercise Intensity, Post-Exercise Recovery, and Endurance. With
memory performance at the 20-min delay as the outcome, a 3 (Exercise Intensity) x 4 (Post-
Exercise Recovery) x 2 (Endurance) linear mixed model analysis demonstrated that the Type IlI
tests of fixed effects yielded a main effect for Post-Exercise Recovery, F(3, 643.00) =2.83,p =
.038, and a Post-Exercise Recovery by Endurance interaction, F(3, 643.04) = 2.78, p = .04. No
other main or interaction effects were observed, p > .28.

With memory performance at the 24-hr delay period serving as the outcome, the Type I11
tests of fixed effects demonstrated that there was not a three-way interaction, F(6, 635.34) = .78,
p = .59, but Post-Exercise Recovery interacted with Endurance, F(3, 635.27) = 3.31, p=.02
(Figure 3). At the 1-min, 5-min and 15-min recovery periods, those with below-median
endurance did not differ in their memory performance than those with above-median endurance,
p =.66, p=.21, p = .05, respectively. However, at the 10-min recovery period, those with above-
median endurance (M = 6.67, SE = .56) had greater memory performance than those with below-
median endurance (M = 4.77, SE = .57), p = .01. We also observed an interaction between
Exercise Intensity and Endurance, F(2, 635.15) = 3.17, p = .04 (Figure 4). There was no
difference in memory after the Control and Moderate conditions when comparing those below
and above the median endurance, p = .48 and p = .05, respectively. However, after Vigorous
exercise, those with above-median (M = 6.99, SE = .55) endurance had greater memory

performance than those with below-median (M = 5.44, SE = .55) endurance, p = .04.
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Figure 3. Violin plot depicting the mean (95% CI) number of words recalled at the 24-hr delay
period as function of Post-Exercise Recovery and Aerobic Endurance. At the 1-min, 5-min and
15-min recovery periods, those with below-median endurance did not differ in their memory
performance than those with above-median endurance, p = .66, p = .21, p = .05, respectively.
However, at the 10-min recovery period, those with above-median endurance (M = 6.67, SE =
.56) had greater memory performance than those with below-median endurance (M = 4.77, SE =
57), p=.01.
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Figure 4. Violin plot depicting the mean (95% CI) number of words recalled at the 24-hr delay
period as function of Exercise Intensity. There was no difference in memory after the control and
moderate conditions when comparing those below and above the median endurance, p = .48 and
p = .05, respectively. However, after vigorous exercise, those with above-median (M = 6.99, SE
= .55) endurance had greater memory performance than those with below-median (M = 5.44, SE
= .55) endurance, p =.04.

With proportional difference as the outcome, the Type 111 tests of fixed effects
demonstrated that there was not a three-way interaction, F(6, 635.96) = 1.37, p = .22, but there
was a marginally significant interaction between Exercise Intensity and Endurance, F(2, 635.55)
=2.98, p = .05 (Figure 5). Those with below-median endurance (M = .64, SE = .03) did not
differ in their memory performance than those with above-median endurance (M = .65, SE = .03)
after the Control condition, p = .96. However, those with above-median endurance (M = .75, SE
=.03) had better memory performance than those with below-median endurance (M = .64, SE =
.03) after the Moderate condition, p = .01. Results were somewhat similar when comparing those

with above-median endurance (M = .78, SE = .03) to those with below-median endurance (M =

.70, SE = .03) after the Vigorous condition, p = .05.
26



Endurance Median Below Median i Above Median

o
i

Proportional Difference
o
i

o
+

o
i

0.0+
Control Moderate Vigdrous

Figure 5. Violin plot depicting the mean (95% CI) proportional difference results as function of
Exercise Intensity and Aerobic Endurance. Those with below-median endurance (M = .64, SE =
.03) did not differ in their memory performance than those with above-median endurance (M =
.65, SE = .03) after the Control condition, p = .96. However, those with above-median endurance
(M =.75, SE = .03) had better memory performance than those with below-median endurance
(M = .64, SE = .03) after the Moderate condition, p = .01. Results were somewhat similar when
comparing those with above-median endurance (M = .78, SE = .03) to those with below-median
endurance (M = .70, SE = .03) after the Vigorous condition, p = .05.
Discussion

Main Findings

Past meta-analytic research reports that exercise intensity and post-exercise recovery
period may, potentially, influence the effects of acute exercise on cognitive function. However,
limited studies within the meta-analyses were included in these moderation analyses. Further,
past work on the association between cardiorespiratory fitness / aerobic endurance on memory
performance is mixed. As such, the primary purpose of the present experiment was to evaluate if

exercise intensity and post-exercise recovery period moderate the effects of acute exercise on

memory. A secondary objective was to evaluate if aerobic endurance is associated with episodic
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memory and whether the potential interaction between exercise intensity and post-exercise
recovery period on the exercise-memory relationship is influenced by aerobic endurance. In
partial agreement with these objectives, the primary finding from this experiment was that both
moderate and vigorous-intensity exercise improved memory function at the 24-hr delayed recall
period when compared to a non-exercise control. A secondary finding of this experiment was
that individuals with higher levels of aerobic endurance, compared to their lesser fit counterparts,
had greater memory performance after exercise (at the 24-hour delayed period and for the
proportional difference metric) when compared to after a control condition. Additionally,
individuals with higher levels of aerobic endurance, compared to their lesser fit counterparts,
generally performed better on the memory task (at the 24-hour delayed) with longer post-
exercise recovery periods.
Exercise Intensity and Memory

The present experiment demonstrated that acute exercise (both moderate and vigorous)
improved long-term episodic memory to a greater extent than a non-exercise control condition,
an effect observed for the number of words recalled at the 24-hr period, proportional difference
and the number of items lost over the two time periods. The results of this experiment align with
other work showing that both moderate- and vigorous-intensity exercise may enhance episodic
memory performance (Loprinzi et al., 2019). When exercising, molecular responses (e.g.,
upregulation of neurotransmitters) that aid in memory function are increased, and thus, increase
the likelihood of observing improvements in memory (Loprinzi, Roig, Etnier, Tomporowski, &
Voss, 2021). Our results suggest that a 20-min bout of exercise, followed by a rest period of up
to 15-min, may be sufficient to enhance long-term memory performance.

This temporal period aligns with mechanistic studies in humans showing that, at between

15- and 20-min post vigorous-intensity exercise (20-min at 80% of heart rate max), a centrally-
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assessed neurotransmitter, glutamate, which is linked with memory (Menard & Quirion, 2012),
reach its zenith (Maddock, Casazza, Fernandez, & Maddock, 2016). Further, in humans, Skriver
et al. (2014) demonstrated the following temporal responses (relative to baseline) after a 20-min
bout of vigorous-intensity exercise: brain-derived neurotrophic factor (BDNF) and insulin-like
growth factor-1 (IGF-1) increased immediately after exercise; epinephrine and norepinephrine
increased immediately and 5-min post-exercise; dopamine increased 5- and 15-min post-
exercise; and lastly, lactate levels increased immediately and 5-, 10- and 15-min post-exercise.
Elevated levels of some of these parameters correlated with procedural memory at different
timepoints; higher levels of BDNF immediately after exercise were associated with greater
memory retention 1-hr and 7-days later; higher levels of norepinephrine were associated with
greater memory retention 7-days later; and higher levels of lactate were associated with greater
memory 1-hr, 24-hr, and 7-days later. For details on how exercise-induced changes in these
parameters influences memory, the reader is referred elsewhere (Basso & Suzuki, 2017; El-
Sayes, Harasym, Turco, Locke, & Nelson, 2019; Loprinzi, Ponce, & Frith, 2018; McMorris,
2021).
Aerobic Endurance and Memory

In our experiment, we demonstrated that higher fit individuals may have a greater
memory performance after a bout of vigorous-intensity exercise, an effect observed for the
number of words recalled at the 24-hour period and for the proportional difference metric. As
suggested by Pontifex et al. (2019), cardiorespiratory fitness theoretically may prepare
underlying exercise-induced neurophysiological mechanisms that are linked to memory
improvement. That is, per this cardiovascular fitness hypothesis, higher aerobic endurance is a

physiological mediator through which physical exercise may improve cognitive performance

29



(Aberg et al., 2009). Additionally, and as suggested elsewhere (Cole et al., 2020), those with
higher cardiorespiratory fitness may have elevated baseline activity of (neurotrophic) pathways
(Berchtold, Chinn, Chou, Kesslak, & Cotman, 2005) and processes involved in memory
function. In support of this, those with greater cardiorespiratory fitness have faster learning rates
in episodic memory when compared to their lesser fit counterparts (Cole et al., 2020).
Exercise Intensity, Post-Exercise Recovery, and Aerobic Endurance

The results from the primary objective demonstrated that acute exercise intensity may
influence memory performance. Adding to this finding, the results from the secondary objective
suggest that those with higher aerobic endurance may have greater memory performance
(proportional difference) after acute exercise. Further, individuals with higher aerobic endurance
generally showed greater episodic memory performance when followed by longer recovery
periods, an effect observed for the number of words recalled at the 24-hr time period. Notably,
however, we did not observe a three-way interaction of exercise intensity, recovery period, and
aerobic endurance for the 20-min or 24-hr delayed memory recall. Thus, the narrative that
follows that discusses potential explanations for our observed results depicting an interaction
between aerobic endurance and acute exercise, and aerobic endurance with post-exercise
recovery, should be interpreted with caution.

Individuals with higher cardiorespiratory fitness have the physiological ability to recover
faster post-vigorous exercise (Stanley, Peake, & Buchheit, 2013),* and in turn, may have an
enhanced sensitization to the effects of the aforementioned neurotransmitters as compared to

individuals that are less fit. In contrast, lesser fit individuals, who recover slower after acute

4 In the Appendix we report the physiological (heart rate) response over the recovery period after vigorous-intensity
acute exercise, demonstrating that, within our sample, those with greater aerobic endurance recovered faster than
their lesser fit counterparts (Supplementary Figure 2).
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exercise, may have desensitization of the neurotransmitter system (Berchtold, Chinn, Chou,
Kesslak, & Cotman, 2005). If these speculations are true, this would suggest that there may be an
inverted U-shaped relationship between neurotransmitter / neurotrophin levels and memory,
which may be sensitive to the interrelationships between exercise intensity, recovery period, and
aerobic endurance (McMorris, 2021).

A more — or equally — likely explanation of this interaction is that the faster post-exercise
recovery of aerobically fit individuals may allow for more effective learning / encoding due to
enhanced allocation of attentional resources (Audiffren, 2016). The faster post-exercise recovery
may allow for greater attentiveness during encoding, as opposed to less effective encoding due to
fatigue of the preceding exercise bout. It would be worthwhile for future research to evaluate the
extent to which fitness and post-exercise recovery period interact to potentially influence the
level of attention at encoding (Audiffren, 2009; Sanders, 1997, 1998). Relatedly, it may be worth
exploring whether this change in attentional processes triggers elevated levels of motivation
toward performance on the memory task;® for a review on how such effects could increase tonic
release of dopamine, and in turn, induce release of norepinephrine to influence memory, the
reader is referred to work by McMorris (2021).

Strengths and Limitations

Notable strengths of our study include a relatively large sample of 59 participants, the use
of a maximal bout of exercise to calculate the heart rate thresholds used for the submaximal
exercise intensities, including multiple exercise intensities, incorporating long-term memory
assessments out to 24-hr, and including multiple within-person observations. A notable

limitation is that our aerobic endurance measure was based on how long participants lasted

S It is also equally likely that the other direction of this relationship is occurring, with higher motivation facilitating
attentional processes.
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during a maximal treadmill test, as opposed to a direct measurement of cardiorespiratory fitness
via indirect calorimetry. Additionally, our findings may only be generalizable to young adults,
and thus, future research may wish to evaluate these parameters in other populations. Such work
should also carefully consider how certain participant (e.g., intelligence) and behavioral (e.qg.,
sleep quality via Actigraphy) characteristics influence the effect of acute exercise on memory.
Lastly, efforts were made to have the primary visit (involving the 20-min recall) occur 24-72 hr
after the 24-hr recall of the preceding condition. However, on occasion, due to scheduling
concerns, some participants had their 24-hr recall on the same day (but before) as they encoded
the new lists of words, potentially leading to proactive interference.
Future Work

In addition to the aforementioned recommendations, we see value in future studies
targeting potential mechanisms of the exercise-memory relationship. As discussed, acute
exercise may enhance long-term memory via encoding and/or consolidation-based mechanisms
(Loprinzi, Roig, Etnier, Tomporowski, & Voss, 2021). An alternative explanation, however, is
that differences in recall as a function of exercise might be due to the ability of subjects to
contextually reinstate the original study episode. At longer delays, a subject's ability to recall a
list of items may be determined by the extent to which they can reinstate the original encoding
context. It may be easier to reinstate the original encoding context when it occurs following
exercise (and especially vigorous exercise) than when it occurs without exercise. According to
this explanation, exercise might enhance long-term memory not because it improves
encoding/consolidation, but because it serves as a cue making it easier for the individual to
reinstate the context. This explanation predicts a difference in memory performance more so

after 24 hr, as opposed to a shorter delay period, such as after 20 min. Indeed, our results
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demonstrated greater exercise-induced effects on memory performance after 24 hr when
compared to after 20 min. Additionally, we attempted to further investigate this contextual
account by evaluating how often participants failed to recall any items on the 24-hr assessment,
as such variations across exercise conditions would be consistent with this context account. Our
data showed that, collapsed across the four post-exercise recovery periods, the mean (SD)
proportion of failing to recall any items on the 24-hr assessment for the Control, Moderate, and
Vigorous conditions, respectively, were .07 (.13), .04 (.11), and .04 (.11). Although proportions
were quantitatively higher for Control compared to the Exercise conditions, there were no
statistically significant differences across conditions, ps > .05.

Future work, however, could more rigorously (experimentally) investigate this context
account by giving all participants a salient cue at encoding. This cue should reduce or even
eliminate the difference in memory performance as a function of exercise condition on the 24-hr
delayed assessment. If, however, the exercise effect remains, then this would suggest that
exercise-induced differences in memory performance are not driven by differences in contextual
reinstatement.

Conclusion

In conclusion, our findings suggest that acute exercise can enhance long-term episodic
memory. We also demonstrate evidence that aerobic endurance may interact with the post-
exercise recovery period and exercise intensity to influence episodic memory. As such, future
research should carefully consider these parameters when evaluating the effects of acute exercise
on long-term episodic memory. If such findings are replicated, then this may help design tailored
protocols to enhance an individual’s memory performance based on their fitness and time

constraints.
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Appendix

Manipulation Checks. For the initial visit (maximal treadmill test), the mean (SE) heart
rate (beats per minute) at rest, minute five, and at the endpoint, respectively, were 84.8 (1.9),
159.2 (2.6), and 191.8 (1.6).

Supplementary Figure 1 displays the heart rate across the study conditions. As a
manipulation check, our results demonstrate that heart rate was stable in the Control condition,
but differentially increased in the Moderate- and Vigorous-intensity conditions. There were no
significant differences at any of the time periods within each respective exercise intensity
condition (i.e., Control, Moderate, or Vigorous), ps > 0.05, however, for each time point (with
the exception of rest), each of the respective exercise intensity conditions differed, ps < .05.
Supplementary Table 1 displays the mean rating of perceived exertion scores at the endpoint (20-
min) of the exercise conditions. Endpoint perceived exertion levels where not different within the
respective conditions, ps > .05, but were different between the exercise intensity conditions, ps <
.05.

Supplementary Figure 2 displays the mean heart rates across the recovery periods after

vigorous-intensity acute exercise, with results shown for those below and above the median
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endurance level. These results show that, across all recovery periods, those with greater aerobic
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Supplementary Figure 1. Mean heart rates across the 12 within-subject conditions. The numeric
value (1, 5, 10, 15) after each condition label represents the duration of the recovery period. For
example, Moderate-1 represents moderate-intensity exercise with a 1-min recovery period.
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Supplementary Figure 2. Mean heart rates across the recovery periods after vigorous-intensity
acute exercise, with results shown for those below and above the median endurance level. Vig-1
represents one minute after exercise in the condition only involving one-minute recovery before
memory encoding. Vig-5_1 represents one minute after exercise in the condition involving five-
min of recovery before memory encoding. Vig-5_5 represents five min after exercise in the
condition involving five-min or recovery before memory encoding. Etc. These results show that,
across all recovery periods, those with greater aerobic endurance recovered faster than their
lesser fit counterparts.
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Supplementary Table 1. Mean (SE) endpoint rating of perceived exertion results across the
exercise conditions.

Condition Endpoint (20-min)
Moderate-intensity (20-min) and then 1-min rest 10.7 (.21)
Moderate-intensity (20-min) and then 5-min rest 11.1 (.15)
Moderate-intensity (20-min) and then 10-min rest 10.6 (.17)
Moderate-intensity (20-min) and then 15-min rest 10.9 (.18)
Vigorous-intensity (20-min) and then 1-min rest 13.8 (.24)
Vigorous-intensity (20-min) and then 5-min rest 13.9 (.24)
Vigorous-intensity (20-min) and then 10-min rest 14.0 (.23)

Vigorous-intensity (20-min) and then 15-min rest 14.1 (.27)
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