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Abstract

Prior research suggests that behavioral (e.g., exercise) and psychological factors (e.g.,
metamemory; monitoring and control of one’s memory processes) may influence memory
function. However, there is conflicting results on the optimal intensity of acute exercise to
enhance memory and whether acute exercise can also enhance metamemory. Further, very
limited research has evaluated whether acute exercise can influence source episodic memory.
The objective of this study was to evaluate whether there is an intensity-specific effect of acute
aerobic exercise on source episodic memory and metamemory accuracy. Thirty young adults
participated in a three condition (Control/Moderate/Vigorous-Intensity Exercise), within-subject
counterbalanced experimental study. After each intervention, participants completed source
episodic memory and metamemory tasks. Results demonstrated that acute exercise, relative to
control, was effective in enhancing source episodic memory, but not metamemory accuracy.
Vigorous-intensity acute exercise was the most optimal intensity to enhance source episodic
memory. Overall, our findings suggest that there is an intensity-specific effect of acute exercise
on source episodic memory. Further, when exercise-related improvements in memory occur,

young adults may be unaware of these memory benefits from exercise.
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Effects of Acute Exercise Intensity on Source Episodic Memory and Metamemory
Accuracy

Episodic memory, or the remembrance of one’s own previous experience, involves
integrating the context of the memory (Madan, 2020). Source memory, in particular, is an
important aspect of episodic memory and includes the ability to remember the context of the
memory (Johnson, Hashtroudi, & Lindsay, 1993). An example of source memory would be
remembering the color a word is printed in and whether the word is new or old (i.e., previously
encoded). Other, more real-world examples of source memory, include remembering where you
were located when you were first introduced to a friend, or how you learned a particular fact or
piece of information (e.g., from a tabloid or a news article).

The effects of acute exercise on cognition have been of great interest over the last several
decades (Brisswalter, Collardeau, & Rene, 2002; Chang, Labban, Gapin, & Etnier, 2012;
Gomez-Pinilla & Hillman, 2013; Lambourne & Tomporowski, 2010; Tomporowski, 2003;
Tomporowski, Ellis, & Stephens, 1987). Generally, these studies provide evidence that
moderate-intensity acute exercise may improve global levels of post-exercise higher-order
cognition (Chang et al., 2012), with vigorous-intensity acute exercise improving post-exercise
lower-order cognitions (McMorris, 2016); examples of higher-order cognitions include problem
solving and decision making, whereas lower-order cognitions involve more simplistic cognitions,
such as remembering and applying information (Anderson & Krathwohl, 2001). Research
evaluating the specific effects of acute exercise on post-exercise episodic memory, however, has
only recently started to accumulate (Loprinzi, Roig, Etnier, Tomporowski, & Voss, 2021; Most,
Kennedy, & Petras, 2017; Pyke et al., 2020; Roig, Nordbrandt, Geertsen, & Nielsen, 2013). This

body of research demonstrates that, among young adults, acute exercise may improve post-



exercise episodic memory function (Loprinzi et al., 2019). Potential mechanisms of this effect
have been discussed recently (Loprinzi et al., 2021), including, for example, encoding (e.g.,
attention), consolidation (e.g., increases in neurotrophins), and retrieval-based mechanisms (e.g.,
decisional processes).

Although accumulating research suggests that acute exercise may enhance episodic
memory, limited research has specifically evaluated the effects of acute exercise on source
episodic memory. Etnier et al. (2016) had participants engage in different acute exercise
intensities, then encoded words from two different lists, and then 24-hours later, participants had
to determine which lists (source memory) the words emanated from. Their results demonstrated
that a bout of maximal acute exercise, when compared to lower exercise intensities, was optimal
in enhancing attribution (source) memory performance. This finding suggests that the exercise
intensity may influence source memory. The present study extends this Etnier et al. (2016) study
by increasing the complexity of the source memory task by including four different potential
sources, as opposed to two (lists) sources. Follow-up work on this topic has evaluated other types
of source memory, including linking names with faces and remembering the color of stimuli.

A recent experiment evaluated whether acute, moderate-intensity aerobic exercise was
associated with an increased ability to remember face-name pairs (Farris & Loprinzi, 2019); no
significant differences were observed between exercise and control conditions. Similar results
were obtained in a follow-up experiment (Gilbert & Loprinzi, 2021). A different experiment
evaluated if moderate-intensity aerobic exercise was associated with source episodic memory,
assessed via a word-list memory task, with half of the words in green font and the other half in
red font (Rigdon & Loprinzi, 2019). Although the acute exercise group recalled more total words

than the control group, there was no difference in source memory recognition (recognition of red



vs. green words) between the two groups. These prior studies (Etnier et al., 2016; Farris et al.,
2019; Rigdon & Loprinzi, 2019, Gilbert & Loprinzi, 2021) suggest that there may be an
intensity-specific effect of exercise on source memory. However, additional work is needed to
confirm this possibility. In a recent systematic review, Loprinzi (2018) demonstrated that
moderate-intensity exercise was optimal for enhancing working memory (higher-order
cognition), whereas vigorous-intensity exercise was optimal for enhancing memory on simple
list-learning paradigms. A recent meta-analysis also suggested that vigorous-intensity exercise
was the most optimal intensity to improve memory on simple list-learning paradigms (Loprinzi
et al., 2019). These intensity-specific findings also align with past research focusing on global
cognition, with moderate-intensity exercise being optimal for higher-order cognitions (Chang et
al., 2012; McMorris, 2016). However, unlike simple memory recall tasks, which may require
fewer cognitive resources, source memory tasks require integration of multiple aspects of
episodic memory (e.g., semantic information). As such, it is less clear as to whether the previous
findings demonstrating that vigorous-intensity exercise is optimal in enhancing episodic memory
would extend to source memory paradigms.

Although research evaluating the effects of acute exercise on episodic memory is
accumulating, very little research has integrated metamemory judgements (monitoring and
control of one’s memory processes) into this exercise-memory context (Palmer et al., 2019;
Salas, Minakata, & Kelemen, 2011; Zuniga, Mueller, Santana, & Kelemen, 2019), despite
observations showing metamemory is associated with memory performance in verbal learning
tasks (e.g., Schwartz & Efklides, 2012). Metamemory judgements are thought to occur from a
direct-access and/or inferential approach; direct access refers to judgements being based on the

perceived strength of the memory trace, whereas for the inferential approach — which provides



the most support for influencing metamemory judgements — monitoring judgements are rendered
from experienced-based cues (Koriat, 1997). Considering these approaches, perceptual
experiences from exercise may augment metamemory judgements. For example, when rendering
judgements of learning, people may rely on their beliefs about their memory abilities in different
contexts; they may expect exercise to improve their memory performance, which may directly
influence their metamemory judgements. Exercise may also indirectly influence these
judgements. Metamemory judgements can be indirectly influenced from internal cues, such as
the ease of which information comes to mind; exercise may play a role here based on select
effects (e.g., enhanced information processing) of exercise on cognition. Similarly, participants
may rely on experiential cues that are diagnostic of future memory performance; for example,
enhanced alertness from exercise may augment metamemory judgements. Ultimately,
judgements of learning may be influenced by a variety of exercise-related cues that feed into the
computation of these judgements. Empirically, Palmer et al. (2019) had participants engage in
30-minutes of moderate-intensity exercise before or after studying a series of word pairs and then
completed judgement evaluations before cued and recognition tasks. Their results showed that
when exercise (relative to control) does not improve memory accuracy, exercise may help to
increase predictions about memory performance relative to actual performance. In contrast,
however, they showed that when exercise does improve memory performance, it has no effect on
the accuracy of metacognition.

As stated, there is limited research evaluating the effects of acute exercise on source
episodic memory and metamemory accuracy. To address these gaps in the literature, the aims of

the present study are to evaluate whether there is an intensity-specific effect of acute exercise on



source episodic memory and metamemory accuracy. We hypothesized that vigorous-intensity
acute exercise would be optimal in enhancing source memory and metamemory.

Method
Participants

Participants were recruited from undergraduate and graduate courses at the University of
Mississippi. Thirty participants (18 women) comprised the sample (see Table 1 for
demographics). Using an effect size of .08 (n%,) (Crawford & Loprinzi, 2019), 27 participants
were needed to achieve a power (1-B error probability) of 0.80 and an a of 0.05 for a 3
(Condition: Control/Moderate/Vigorous-intensity) x 2 (Time: Immediate/Delayed) repeated-
measures design.

Participants were excluded if they (1) self-reported as a daily smoker (Jubelt et al., 2008;
Klaming, Annese, Veltman, & Comijs, 2016); (2) self-reported being pregnant (Henry &
Rendell, 2007); (3) exercised within 5 hours of testing (Labban et al., 2011); (4) consumed
caffeine within 3 hours of testing (Sherman, Buckley, Baena, & Ryan, 2016); (5) took
medications used to regulate emotion (e.g., SSRI’s) (Bauer, 2015); (6) had a concussion or head
trauma within the past 30 days (Wammes, Good, & Fernandes, 2017); (7) took marijuana or
other mind-altering drugs within the past 2 days (Hindocha, Freeman, Xia, Shaban, & Curran,
2017); (8) were considered a daily alcohol user (> 30 drinks/month for women; > 60
drinks/month for men) or consumed alcohol in the past 12 hours (Le Berre, Fama, & Sullivan,
2017); or (9) answered “yes” to any of the questions (e.g., “do you feel pain in your chest at rest,
during your dailiy activities of living, or when you do physical activity?”) on the PAR-Q
(Physical Activity Readiness Questionnaire); answering “yes” to items on the PAR-Q would

suggest that it might not be safe to exercise and individuals should consider further advice from a



qualified exercise professional or physician before exercising. These exclusion criteria were
selected as they may influence memory function, and in turn, potentially confound the effects of
exercise on memory function. Notably, none of the participants were excluded, as these criteria
were discussed during recruitment, and thus, no participants meeting any of these criteria signed
up to participate.

Study Design and Procedures

This study was approved by the ethics committee at the University of Mississippi. All
participants provided written consent prior to participation. The present experiment included a
three condition, within-subject counterbalanced experimental design that occurred over four
sessions. The first session (Visit 1) included a maximal treadmill-based exercise protocol, used
to evaluate the participant’s cardiorespiratory fitness (see below for details). During this first
visit, prior to the maximal exercise test, participants were familiarized to the source episodic
memory task (i.e., completed a practice assessment that did not include items for the subsequent
sessions). Visit 2 occurred 48-72 hours after Visit 1. Visits 2-4 occurred in a counterbalanced
order, and for these three visits, which occurred 24-72 hours apart, participants engaged in either
a control scenario, moderate-intensity exercise protocol, or a vigorous-intensity bout of treadmill
exercise. Allocation concealment occurred by both the researcher and participant not knowing
which condition was to be completed until arriving in the lab.

In each experimental session (Visits 2-4), participants completed 25 minutes of the
intervention (Control/Moderate/Vigorous-intensity Exercise), followed by the memory protocol.
Cardiorespiratory Fitness Assessment

The first laboratory visit (Visit 1) included a maximal treadmill-based cardiorespiratory

fitness assessment (via indirect calorimetry). The specific VO2max (volume of maximum oxygen



consumption) assessment included an individualized protocol (Mier & Gibson, 2004).
Participants warmed-up for 3 minutes by walking at 3.5 miles per hour. Following this, they
engaged in a constant speed throughout the test while the grade increased by 2% every 2
minutes. Participants were asked to select an initial running speed (0% incline) that elicited a
rating of perceived exertion of 12-13 (somewhat hard) on a 6-20 Borg scale (Borg, 1982).

During the maximal treadmill test, VO and heart rate (HR) were monitored throughout
the test. Heart rate was measured every minute using a portable HR monitor (Polar, H10, Lake
Success, NY, USA) and metabolic measurements were made every 30 seconds with an
automated metabolic measurement system (Parvo Metabolic Cart). Analyzers were calibrated
with medical-grade calibration gas (16.01% 02; 3.97% CQO2); a Rudolph 3-L calibration syringe
(Shawnee, OK, USA) was used for volume calibrations as per manufacturer specifications.
Similar to other work (Loprinzi & Brodowicz, 2008), the criteria used to define VO2max included
(a) a respiratory exchange ratio >1.10, (b) a plateau in VO2 (increase < 150 mL/min with increase
in treadmill speed or incline), (¢) a HRmax Within 10% of the age-predicted maximum (220 - age),
and (d) a rating of perceived exertion > 16 on a 6-20 point scale. In the present sample, 68% of
the participants reached a max, with the remaining 32% achieving a peak. VO2max Was
determined as the highest 30-second VO, measured when at least three of the four criteria are
satisfied.

Five participants (out of 30) did not have metabolic data, as the final five participants
were recruited after COVID-19 started, and to minimize safety concerns, metabolic data was not
collected among these participants; these five participants, however, still completed the initial
exercise visit to determine their maximal heart rate. Participants (n = 5) recruited after the

outbreak of COVID-19 were required to wear a mask through the entire protocol of the study to
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comply with mandates. Masks were used during the exercise protocols and participants were
screened for COVID-19 as well.
Exercise Intensity Assessments

Visits 2-4 involved three counterbalanced visits involving a control condition, moderate-
intensity exercise, and vigorous-intensity exercise. The control visit involved a time-matched (25
minute) seated task (self-selected video, either The Office or The Big Bang Theory). There is
experimental evidence suggesting that this type of control task (video viewing) does not prime or
enhance memory function (Blough & Loprinzi, 2019) and has also been used in other related
experiments (McNerney et al., 2015).

The Moderate and Vigorous-intensity conditions consisted of 20 minutes of moderate or
vigorous-intensity continuous (not intermittent) exercise followed by 5 minutes of seated rest,
respectively; a 5 minute recovery period was selected based on prior work (Frith, Sng, &
Loprinzi, 2017; Loprinzi et al., 2021) demonstrating that acute exercise can enhance memory
following a 5 minute recovery period. In the Moderate and Vigorous exercise conditions,
participants exercised at 64-76% and 77-95% of their HRmax (based on the measurements in Visit
1), respectively (Garber et al., 2011). The target heart rate was the mid-point of the range (i.e.
70% and 86% of their HRmax for the two conditions), with the goal of reaching this target heart
rate by the midpoint of the exercise bout. The treadmill speed and incline were adjusted to
achieve the target heart rate.

At baseline, every 5 minutes during the 20-min exercise, and at 5 minutes post-exercise,
heart rate and rating of perceived exertion (RPE) were assessed. Heart rate was measured via a

chest-strap Polar heart rate monitor (H10 model) and RPE was measured using a 6-20 Borg scale
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(Borg, 1982); 6 represents “no exertion at all”, 9 “very light”, 13 “somewhat hard”, 15 “hard”,
17 “very hard”, 19 “extremely hard”, and 20 “maximal exertion”.
Source Episodic Memory Assessment.

Protocol. A schematic of the source episodic memory protocol is shown in Figure 1. An
identical protocol of the source episodic memory assessment was administered across the three
experimental conditions, with different stimuli included in each session. Modeled after recent
research looking at predictors (e.g., stress, diet) of source memory performance (Cansino et al.,
2019), the source episodic memory task, administered on a computer, included an encoding and
retrieval phase of natural (e.g., fern) and artificial (e.g., table) common objects. All images came
from an image-bank used in prior research (Cansino et al., 2019). During the encoding phase,
participants were exposed to 16 different images (8 natural and 8 artificial common objects),
with each image presented on the screen, one at a time, for 3 seconds; this number of images
(i.e., 16) aligns with other studies showing that acute exercise can improve memory using
memory tasks involving a similar number (e.g., 15) of items (Frith, Sng & Loprinzi, 2017,
Loprinzi et al., 2021). The image was placed in either quadrant 1, 2, 3, or 4 (counterbalanced).
Participants were instructed to try to memorize the object and where the object was placed.

After the first round of encoding (i.e., being exposed to all 16 images), participants
completed a second round of encoding, which was identical to the first round. During this second
round of encoding, after viewing each image (same images as in the first round), participants
completed a judgement of learning (JOL; Salas et al., 2011). Participants were asked to indicate
their confidence in response to this question, “On a scale of 0 (definitely will not) to 100
(definitely will), how likely are you to remember this image and which quadrant it is located in?”

Six response options were allowed (0%, 20%, 40%, 60%, 80%, and 100% confidence).
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After the second round of encoding, participants completed a free recall (i.e., they were
asked to recall (verbally) as many of the images as possible; Immediate Free Recall Phase).
Following this, they were exposed to 32 images (presented in a random order), half of which
were old (i.e., 16 images from the encoding phase) and half were new (eight natural and eight
artificial new images). Each image was presented in the middle of the screen, one at a time, for
10 seconds. At this time, they were asked, “Is this image old or new? If old, what quadrant was
it previously in?” Once the 10 second period elapsed, a new image appeared.

Subsequently, participants engaged in a 20-minute distractor task, involving watching a
20 min video clip (either The Office or The Big Bang Theory), which is similar to other studies
(Javadi, Cheng & Walsh, 2012). They were instructed to watch the video closely, as at the end of
the video, they would be asked to write down details about three different scenes from the video.
This was employed to minimize potential rehearsal of the previously viewed images from the
source memory encoding phase.

After this 20-minute distraction phase, participants engaged in a free recall task (Delayed
Free Recall Phase). Following this, they completed a source memory recognition task (Delayed
Source Memory Recognition Phase) by viewing all 32 images, and after each image, they were
asked, “Is this image old or new? If old, what quadrant was it previously in?” They were
instructed that “old” images were those shown during the encoding phase. Notably, for the
present experiment, we implemented both an immediate and delayed memory assessment, as, at
this point, it is unclear if the long-term memory benefits from acute exercise are influenced by
exercise-induced short-term memory effects (Moore, Ryu & Loprinzi, 2020). To allow for a
more comprehensive assessment of acute exercise on memory, both short- (immediate) and long-

term (delayed) memory assessments were employed.
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The primary dependent measures, for both the immediate and delayed assessments,
included (1) free recall, (2) d-prime (d"), (3) JOL magnitude, and (4) metamemory accuracy. The
d’ was calculated as: (z(hit) — z(false alarm)) (Stanislaw & Todorov, 1999); hits defined as
identifying the correct quadrant and false alarms as identifying new items as old. Judgement of
learning magnitude was calculated as the mean proportion from the JOL assessment. Bias scores
were computed to evaluate metamemory. Specifically, free recall bias was calculated as: (JOL
mean % - free recall %). Recognition bias was calculated as: (JOL mean % - Recognition
Percent Correct %). Recognition percent correct was calculated as: ((Hit + Correct Rejection) /
32). These free recall and recognition bias scores greater than zero reflect over-confidence,
whereas bias scores less than zero reflect under-confidence.

Statistical Analyses

All analyses were computed in JASP (v 0.14.0.0, University of Amsterdam,
Netherlands). For the memory analyses, in a repeated measures ANOVA (rANOVA), factors
included: Time (two levels: Immediate and Delayed) and Condition (three levels: Control,
Moderate, and Vigorous-intensity). Both factors were within-subject factors. For the rANOVA
analyses, eta-square (%) estimates are provided as estimates of effect size. For the simple effect
analyses, Cohen’s d estimates are provided as estimates of effect size. Statistical significance
was established as an alpha less than .05.

Results

Table 1 displays the demographic, behavioral and metabolic characteristics of the sample.
The participants, on average, were 22.1 (SD = 2.6) years of age (range = 18-30), predominately
female (60%), sufficiently active (156.5 min/week), and varied on their cardiorespiratory fitness.

Manipulation Check
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Table 2 displays the heart rate (HR) and rating of perceived exertion (RPE) data across
the study conditions. As a manipulation check, our results demonstrate that HR and RPE were
stable in the Control condition, but differentially increased in the Moderate- and Vigorous-
intensity conditions. In a 5 (Time: baseline, 5 min, 10 min, 15 min and endpoint) x 3 (Condition:
Control, Moderate, Vigorous-intensity) rANOVA with HR as the outcome, we observed a
significant main effect for Condition, F(2, 56) = 499.1, p <.001, n? = .58, and a significant main
effect for Time, F(4, 112) = 148.1, p <.001, n? = .19, which was qualified by a significant
interaction effect, F(8, 224) = 99.9, p <.001, n? = .12. Results were similar for ratings of
perceived exertion.

Source Episodic Memory

Recall. Table 3 displays the source episodic memory results. In a 2 (Time: Immediate and
Delayed) x 3 (Condition: Control, Moderate, Vigorous-intensity) rANOVA with free recall as
the outcome, we observed a significant main effect for Condition, F(2, 58) = 3.39, p = .04, n? =
.06, but no significant main effect for Time, F(1, 29) = .18, p = .68, n? < .001, or interaction
effect, F(2, 58) = 1.14, p = .33, n? = .01. Collapsed across time, Control was not significantly
different than Moderate-Intensity, Mgits = .016, p = .49, d = .13, and Moderate-Intensity was not
different than Vigorous-Intensity, Maifr = .042, p = .14, d = .33, but Control was significantly
worse than Vigorous-Intensity, Mgt = .057, p = .04, d = .46.

d-Prime. In a 2 (Time: Immediate and Delayed) x 3 (Condition: Control, Moderate,
Vigorous-intensity) rANOVA with d’ as the outcome, we observed a significant main effect for
Condition, F(2, 58) = 3.83, p =.03, n? = .09, but no significant main effect for Time, F(1, 29) =
2.08, p=.16,n? = .006, or interaction effect, F(2, 58) = 1.52, p = .23, ? = .004. Collapsed across

time, Control was not significantly different than Moderate-Intensity, Mqitt = .37, p = .09, d =
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.36, and Moderate-Intensity was not different than Vigorous-Intensity, Mqifr = .12, p = .53, d =
.12, but Control was significantly worse than Vigorous-Intensity, Mqifr = .48, p = .03, d = .48.

Metamemory. Table 3 displays the metamemory results. In a one-way rANOVA, there
was no significant difference in JOL magnitude across the three Conditions, F(2, 56) = 2.61, p =
.08, 12 =.08. In a 2 (Time: Immediate and Delayed) x 3 (Condition: Control, Moderate-Intensity,
and Vigorous-Intensity) rANOVA with free recall bias as the outcome, we did not observe a
significant main effect for Condition, F(2, 58) = .399, p = .67, n? = .01, main effect for Time,
F(1, 29) = .17, p = .68, n? = .0001, or Condition x Time interaction, F(2, 58) = 1.14, p=.33,n?=
.01. Similarly, with recognition percent correct bias as the outcome, we did not observe a
significant main effect for Condition, F(2, 58) = 2.11, p = .13, n? = .06, main effect for Time,
F(1, 29) = .17, p = .23, 1? = .002, or Condition x Time interaction, F(2, 58) = 1.51, p= .22, 1 =
.001.

In addition to making comparisons across conditions, we also compared the mean bias
scores within each condition to zero by using 95% confidence intervals. As can be seen from the
95% confidence intervals shown in Table 3, across all conditions, recall bias scores differed from
zero for at least one of the time periods (i.e., immediate or delayed). Relatedly, all recognition
bias scores differed from zero across all conditions and time periods. Lastly, in addition to
calculating absolute accuracy of metamemory judgements (i.e., difference between mean JOLS
and mean memory accuracy), we also calculated relative accuracy of metamemory judgements
(gamma correlations), but we did not observe any associations between exercise and relative
accuracy of metamemory judgements, p’s > .05 (see Appendix). For completeness, additional
sensitivity analyses (e.g., moderation effects) and results for source memory and metamemory

are shown in the appendix.
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Discussion

The aims of the present experiment were to evaluate whether there is an intensity-specific
effect of acute exercise on source episodic memory and metamemory accuracy. Our findings
demonstrate that vigorous-intensity acute exercise was more beneficial in enhancing source
episodic memory when compared to no exercise. Acute exercise did not influence metamemory
accuracy.

Several previous reviews have evaluated the effects of acute exercise on cognition (Basso
& Suzuki, 2017; Brisswalter et al., 2002; Chang et al., 2012; McMorris, 2016; Pontifex et al.,
2019; Tomporowski, 2003). Regarding global cognition, Chang et al. demonstrated that light-
and moderate-intensity exercise were favorable in improving global cognition when cognition
was performed immediately after exercise; when there was a delay, light, moderate, and
vigorous-intensity exercise improved cognition. However, as demonstrated by McMorris (2016),
lower-level cognitive tasks may benefit more from vigorous-intensity exercise. Importantly, as
pointed out by Pontifex et al. (2019), it may be premature to make strong statements about the
intensity-dependent findings on cognition given that the majority of studies have failed to
provide sufficient details to determine the intensity of the activity. Thus, these collective findings
underscore the importance of interpreting intensity-dependent findings based on the cognitive
task type and accuracy of the intensity of the activity.

One strength of this study was that we utilized intensity-thresholds based on maximal
heart rates observed during the initial cardiorespiratory fitness test rather than employing a
prediction equation to estimate exercise intensity. As noted earlier, prior research suggests that
vigorous-intensity acute exercise may benefit lower-level cognitions. In contrast, higher-order

cognitions, such as interference or inhibitory control, may benefit from low- to moderate-
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intensity acute exercise. According to a qualitative review by Loprinzi (2018), when acute
exercise occurs before the memory task, vigorous-intensity exercise may be less favorable for
working memory but may favor episodic memory. This also aligns with a meta-analysis by
Loprinzi et al. (2019) showing that vigorous-intensity acute exercise (vs. control) was more
effective in enhancing episodic memory when compared to moderate-intensity acute exercise
(vs. control).

The present experiment aligns with the findings of these review papers, as well as with a
recent experiment by Crawford and Loprinzi (2019) showing that vigorous-intensity acute
exercise (vs. control) was more optimal in enhancing paired-associative memory when compared
to moderate-intensity acute exercise (vs. control). Other related research shows that maximal
exercise intensity may even have greater effects on memory when compared to vigorous-
intensity acute exercise (Etnier et al., 2016). Importantly, the timing of acute exercise (i.e., the
rest period between exercise and memory encoding) may play an important role on the
relationship between exercise intensity and memory (Labban et al., 2011, 2018; Roig et al.,
2016; Slutsky-Ganesh, Etnier, & Labban, 2020; Loprinzi et al., 2021). Couched within the
above, the present experiment extends prior work by also showing that vigorous-intensity
exercise favors source memory. In addition to an evaluation of source memory, our evaluated
task also reflects aspects of spatial memory. Although limited research has evaluated the effects
of acute exercise on spatial memory in humans, our results support the general pattern of
findings in animal models, showing enhanced spatial memory following (chronic) exercise
engagement (Zou, Yu, Liu, & Loprinzi, 2020).

The mechanisms through which vigorous-intensity acute exercise may favor episodic

memory remain unclear (El-Sayes, Harasym, Turco, Locke, & Nelson, 2019; Loprinzi, Edwards,
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& Frith, 2017; Loprinzi, Ponce, & Frith, 2018). Winter et al. (2007) demonstrated that vigorous-
intensity acute exercise improved learning, which was correlated with exercise-induced increases
in brain-derived neurotrophic factor (for opposing results, see Etnier et al., 2016, and Loprinzi,
2019), dopamine and epinephrine. Alterations in these proteins and catecholamines may help
facilitate encoding and consolidation mechanisms of memory (Roozendall & Hermans, 2017).
Further, and as discussed by Brisswalter et al. (2002), high levels of adrenaline are associated
with an improvement in memory capacity or information processing efficacy (Clark, Geffen, &
Geffen, 1989). The inverted arousal-cognition hypothesis suggests that moderate levels of
arousal may be optimal in enhancing cognition; for further details on specific mechanisms of
exercise-related arousal on cognition, the reader is referred to the reviews of McMorris (2016)
and Pontifex et al. (2019). However, the complexity of the cognitive task may play an important
role in how arousal influences cognition; lower-level cognitions may benefit more from higher
levels of arousal. Memory tasks including free, cued, and source recall may vary in the level of
cognitive engagement. Assuming a link between effort-based decision making and cognitive
resources (Westbrook & Braver, 2015), while also assuming that source memory tasks may
require greater cognitive effort, source memory may require greater cognitive resources than
free- and cued-recall. Indeed, neuroimaging research demonstrates that various brain regions
(e.g., medial temporal lobe, prefrontal cortex) are involved in source memory, including the
integration of several complex features (e.g., perceptual information, spatial details, semantic
information) that make up the episodic memory (Mitchell & Johnson, 2009). As such, our
findings suggest that even vigorous-intensity acute exercise may benefit more complex
cognitions, such as source episodic memory. Nevertheless, it would be interesting for future

research to re-evaluate this topic by manipulating aspects of arousal and source memory
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complexity. Unlike the present study, which implemented a 5-minute recovery period after
exercise, altering the post-exercise recovery period prior to memory encoding may impact the
effect of vigorous-intensity acute exercise on source memory. For example, implementing 1-, 5-,
10-, 15-, and 30-minute rest periods between the cessation of exercise and memory encoding
should induce different levels of exercise-induced arousal prior to memory encoding. Altering
the complexity of the source memory task may also be worth considering. This could be
evaluated by altering perceptual information (e.g., size/color of the objects), spatial information
(e.g., using more spatial configurations or more involved environmental scenarios), semantic
information (e.g., paired-associative items), emotional information (e.g., neutral and emotional
items), and/or the cognitive operations engaged during the task (e.g., mental imagery). Further,
the degree of cognitive engagement not only during the cognitive task, but during the bout of
exercise, would be worth exploring in future research (Elkana, Louzia-Timen, Kodesh, Levy, &
Netz, 2020).

We did not observe any exercise-related effect on metamemory; JOL magnitude did not
differ across the conditions. Similarly, bias scores (JOL magnitude — recall/recognition) were not
different across conditions. Further, there was no consistent observation that bias scores were
less likely to differ from zero within a particular condition (control, moderate, or vigorous).
Consequently, these results suggest that our observed effects of vigorous-intensity exercise on
memory were not driven by judgements of learning. Our findings are similar to those of Salas et
al. (2011) and Zuniga et al. (2019). For example, Salas et al. demonstrated that walking before
memory encoding was effective in enhancing free recall when compared to a seated condition,
but metamemory was not different between conditions. Collectively, these findings suggest that

when exercise-related improvements in memory occur, individuals may be unaware of these
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memory benefits from exercise. An important note of these metamemory results was the
unexpected finding that participants, in general, had reduced confidence in their subsequent
ability to accurately recall and recognize the information learned in the study phase. Generally,
participants demonstrate overconfidence in calibration for item-by-item judgements of learning
(Koriat, 1997). Although speculative, it is possible that our metamemory results demonstrating
under-confidence may be due to our relatively high recall and recognition rates. Overconfidence
results when confidence perceptions exceed memory performance, and in our case, relatively
high levels of memory performance may make it challenging to observe higher levels of
confidence. Future work on this topic may wish to create a more challenging memory task, or
extend the retention interval, in order to avoid this issue. Another interesting possibility is that
perhaps acute exercise indirectly influenced metamemory via the hard-easy effect (Ferrell &
McGoey, 1980; Gigerenzer, Hoffrage, & Kleinbdlting, 1991); factors that impair memory
performance may induce overconfidence, whereas factors (e.g., exercise) that increase memory
performance may reduce overconfidence, or in our case, induce under-confidence.

Notable strengths of our experiment include the direct measurement of cardiorespiratory
fitness via indirect calorimetry, employing a maximal bout of exercise to guide the thresholds
used to evaluate the different exercise intensities, implementing a within-subject design,
evaluating multiple exercise intensities, and evaluating an under-investigated outcome (i.e.,
source memory and metamemory) within the exercise-memory literature. Despite these
strengths, design manipulations in future research can help further our understanding of this
topic. It is possible that the timing of our JOL assessment may have been less than ideal.
Although prior research demonstrates that immediate judgements of learning show above-chance

accuracy, delayed judgements of learning demonstrate a stronger correlation with memory
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accuracy (Bui, Pyc, & Bailey, 2018; Townsend & Heit, 2011). As such, future work on this topic
may wish to include delayed, rather than immediate, judgements of learning. Another design-
related issue to consider in future research is whether our two memory assessments (immediate
and delayed) within a relatively short time period (i.e., 20 minutes) may have potentially masked
select effects of acute exercise on memory. However, we intentionally implemented these two
assessment periods as recent work suggests that acute exercise may not only enhance long-term
memory (reason for delayed assessment) via consolidation-based mechanisms, but may also
enhance immediate memory (reason for immediate assessment) through encoding-based
mechanisms (Loprinzi et al., 2021). Relatedly, in some cases, the delayed memory performance
was greater than the immediate memory performance, suggesting that the immediate memory
assessment may have provided an opportunity for retrieval practice which, in turn, may have
benefited delayed memory performance. This area of research would also benefit from additional
long-term follow-up assessments, which would allow for forgetting curves to be fit and
predictions about the effect of acute exercise on future memory performance. Further, although
our memory task was modeled after prior work (Cansino et al., 2019), future research should
consider a more comprehensive assessment of source memory. For example, a systematic
assessment of stimulus (e.g., what the stimulus is) and context (e.g., spatial-temporal aspects of
where the stimulus was encountered and whom it was received from) features would extend our
understanding of the effects of acute exercise on source memory. Additionally, careful
consideration should be made when incorporating recall and recognition assessments. In the
present experiment, stimuli were encoded visually, which matched the recognition assessment,
but mismatched the free recall, which was a verbal assessment. This potential concern, however,

may have been less of an issue in the present experiment, as acute vigorous-intensity exercise
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improved both free recall and recognition performance. Additionally, to better align with our
recall measure, which was expressed on a continuous scale, future work may wish to use a
continuous sliding scale for the JOL assessment. Regarding sample characteristics, our sample
was relatively active and fit, which may not generalize to other young adult samples. Another
area worth noting is that our observed rating of perceived exertion values for the moderate- and
vigorous-intensity conditions were lower than expected (Garber et al., 2011). It may be useful for
future work to prescribe intensity not off of maximal heart rate or ratings of perceived exertion,
but rather, from submaximal anchors, such as the ventilatory threshold (Jamnick, Pettitt, Granata,
Pyne, & Bishop, 2020). Regarding exercise intensity, we employed a gradual approach to
increase the heart rate to the target value. This approach allowed us to ensure that participants
exercised for the full duration (20 minutes), but a limitation is that participants did not exercise
for the full 20 minutes within the respective intensity zone. Lastly, we cannot fully discount the
possibility that our results, in some way, may be driven by an expectation-induced effect. As
demonstrated recently (Blough & Loprinzi, 2019), acute exercise (v control) may increase
expectations that exercise may improve memory.

In conclusion, our findings provide suggestive evidence that vigorous-intensity acute
exercise, when compared to a seated rest condition, may be effective in enhancing free recall and

source memory. Individuals may also be unaware of the memory benefits from acute exercise.
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Table 1

Demographic and behavioral characteristics of the sample

33

Variable Point Estimate SD
Age, mean years 22.1 2.6
Gender, % Female 60.0
Measured body mass index, mean kg/m?  25.0 4.6
MVPA, mean min/week 156.5 95.3
CRF, mean mL/kg/min 39.2 8.8

% Low Fitness 20.0

% Moderate Fitness 43.3

% High Fitness 36.7

Note. CRF: Cardiorespiratory fitness; fitness classification based on age- and gender-percentiles

from the American College of Sports Medicine (< 19", 20-59", and > 60™ percentile,

respectively, for low, moderate, and high fitness). MVPA: Moderate to vigorous physical activity

based on the Physical Activity Vitals Sign questionnaire.



Table 2

Physiological and psychological responses (mean [SD]) to the study conditions
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Variable Control Moderate Vigorous Maximal
Heart Rate, mean
Resting 71.6 (11.4) 79.5 (14.4) 76.7 (14.0) 77.0 (14.7)
5 min 68.2 (9.5) 123.0 (18.8) 140.0 (21.2)  157.1 (15.7)
10 min 67.9 (10.2) 124.9 (15.2) 1475 (22.4)  179.5 (14.6)
15 min 68.5 (9.9) 130.0 (13.2) 154.8 (16.0) -
Endpoint 68.9 (8.6) 135.8 (16.9) 159.4 (16.0)  184.5(13.7)
5 min post 69.1 (8.7) 86.1 (11.4) 95.7 (13.1) -
RPE, mean
Resting 6.0 (0.0) 6.1(.2) 6.0 (.2) 6.0 (0.0)
5 min 6.0 (.2) 8.9 (1.5) 10.7 (1.8) -
10 min 6.1(.2) 9.9 (1.5) 11.5 (1.6) -
15 min 6.1(.2) 10.9 (1.5) 12.3 (1.5) -
Endpoint 6.1 (.4) 11.8 (2.4) 13.1(2.2) 17.5 (1.4)
5 min post 6.1(.4) 6.5 (1.4) 6.5 (1.2) -

Note. RPE: Rating of perceived exertion. Measurements reported for Maximal are from Visit 1.

The rest of the measures are from Visits 2-4.
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Table 3

Mean source episodic proportions (95% CI) across the experimental conditions

Memory Metric Control Moderate Vigorous
Free Recall

Immediate 69 (.63, .75) .69 (.63, .75) 73 (.67, .79)

Delayed 67 (.61, .74) 71 (.63, .78) 75 (.68, .82)
d-prime

Immediate 3.9 (35, 4.3) 4.2 (3.8, 4.5) 4.3 (4.0, 4.6)

Delayed 3.7 (3.2, 4.2) 4.2 (3.8, 4.5) 4.2 (3.8, 4.6)
RPC

Immediate .87 (.83,.91) .90 (.87, .93) .89 (.84, .94)

Delayed .85 (.81, .90) .90 (.86, .93) .88 (.83, .94)
JOL Magnitude 59 (.53, .66) 58 (.50, .65) 64 (57,.71)
Recall Bias

Immediate -10 (-.18, -.01) -11 (-.20, .02) -.09 (-.19, .01)

Delayed -.08 (-.16. .01) -13 (-.23, -.02) -11 (-.22, -.002)

Recognition Bias
Immediate -.28 (-.34, -.21) -.32 (-.40, -.24) -25 (-.34,-.17)

Delayed -26(-.33,-19) .32 (-39, -.24) -.24 (-.33, -.15)

Note. RPC: Recognition Percent Correct
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Figure 1

Schematic of the source episodic memory protocol
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Note. The conditions included Control, Moderate or Vigorous-intensity exercise. In the free
recall task, participants recalled as many pictures as they could remember. In the source memory

task, participant indicated whether the image was old or new, and if old, what quadrant the

picture was in.
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Supplementary Information

For exploratory purposes, and based on their potential to influence the exercise-memory
relationship (for some examples, see Chang et al., 2012), evaluated moderators included (1) age
(years), (2) gender (male/female), (3) self-reported weekly moderate-to-vigorous physical
activity, (4) working memory capacity, (5) verbal/picture processing, (6) the time of day in
which the conditions occurred, (7) self-reported levels of mental fatigue, and cardiorespiratory
fitness (measured via indirect calorimetry from the first visit).

Self-reported moderate-to-vigorous physical activity (minutes/week) was assessed at the
beginning of the first visit and evaluated using the Physical Activity Vital Signs survey (Ball,
Joy, Gren, & Shaw, 2016). At the beginning of the first visit, working memory was assessed via
the Brown Peterson memory task, which has demonstrated evidence of construct validity
(Geurten, Vincent, Van der Linden, Coyette & Meulemans, 2016). Participants memorized 3
letters and then counted backwards by 3 starting at a given number. Participants had to count
backwards for 4 given time points (0, 9, 18, and 36 s), with 5 trials for each time point. The total
number of correctly recalled letters for the 9, 18, and 36 second time periods were summed to
reflect a total working memory score. As a measure of the participants preferred processing style
(i.e., verbal or visual), participants completed the Style of Processing survey (Ong & Milech,
2001) at the beginning of the first visit. A three-level categorical variable was created to indicate
the time of day in which the conditions took place; all in the morning, all in the afternoon, or a
combination of the two. Lastly, at the start of each condition, participants self-reported their level
of mental fatigue using a 7-point Modified USAFSAM Mental Fatigue Scale (e.g., 1, fully

mentally alert; 7, completely mentally exhausted).
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Potential Moderators. In a 2 (Time: Immediate and Delayed) x 3 (Condition: Control,
Moderate-Intensity, and Vigorous-intensity) rANOVA with free recall as the outcome, as stated,
there was a significant main effect for Condition (p = .04). None of the potential moderators (i.e.,
gender, age, self-reported moderate-to-vigorous physical activity, working memory capacity,
verbal/picture processing, time of day of the assessments, mental fatigue, or cardiorespiratory
fitness) interacted with Condition or Condition x Time, all ps > .05. We also did not observe any
interaction effects of the evaluated moderators for the other memory outcomes (e.g., d’,
metamemory). We also evaluated if the order (6 possibilities: ABC, ACB, BAC, BCA, CAB,
CBA) in which the visits occurred influenced the results. Notably, there was no main effect for
order and order did not interact with condition, time, or higher-level interactions (e.g.,
condition*time), all ps > .05.

However, there was a significant main effect for overall working memory capacity, F(1,
28) = 22.67, p <.001. With free recall collapsed across Time (Immediate and Delayed) and
Condition (Control, Moderate, Vigorous), there was a statistically significant positive association
between working memory capacity and free recall, r = .67, p <.001. Similar to when free recall
was the outcome, there was a significant main effect of working memory capacity on recognition
percent correct, F(1, 28) = 4.78, p = .03. With recognition percent correct collapsed across Time
(Immediate and Delay) and Condition (Control, Moderate, Vigorous), there was a statistically
significant positive association between working memory capacity and recognition percent
correct, r = .38, p =.03.

Relative Metacognitive Accuracy. Goodman-Kruskal Gamma correlations (G) were
calculated between JOLs and recall. For immediate recall, Gs were moderate (Ms ranging from

0.22 - .044), and all three conditions were significantly non-zero using one-sample t-tests (ps <
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.05). Gs for delayed recall ranged from 0.07 - 0.36, with control and moderate conditions again
producing significantly non-zero Gs (ps < .05) whereas G in the vigorous condition was not
significantly different than O (p = .54). No statistically significant differences between the 3
conditions emerged using rANOVAs. For recognition, the Gs were expected to be lower due to
correct guessing, which reduces resolution. In the immediate recognition test, Gs ranged from
-0.02 — 0.27, with only the control condition being significantly non-zero using a one-sample t-
test. Similarly, Gs ranged from -0.04 — 0.25 in the delayed condition and in this case none were
significantly non-zero. As with recall, no statistically significant differences between the 3

conditions emerged using rANOVAs for recognition.



