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Abstract: The improvement of memory performance is an ever-growing interest in research, with
implications in many fields. Thus, identifying strategies to enhance memory and attenuate memory
interference is of great public health and personal interest. The objective of this paper was to
evaluate the role of intensity-specific acute exercise on improving paired-associative memory function
and attenuating memory interference. A counterbalanced, randomized controlled, within-subject
experimental design was employed. The three counterbalanced visits included a control visit,
moderate-intensity exercise (50% of HRR; heart rate reserve) and vigorous-intensity exercise
(80% of HRR), all of which occurred prior to the memory assessment. To evaluate memory interference,
an AB/AC paired-associative task was implemented for each laboratory visit. The number of correctly
recalled words from List 1 (AB–DE) was statistically significantly (F = 4.63, p = 0.01, η2

p = 0.205)
higher for the vigorous-intensity condition (M = 6.53, SD = 1.54) as compared to moderate-intensity
(M = 6.11, SD = 1.59) and control (M = 5.00, SD = 2.56) conditions. No statistical significance was
found between proactive interference or retroactive interference across the experimental conditions.
This experiment provides evidence for an intensity-specific effect of acute exercise on short-term,
paired-associative memory, but not memory interference.

Keywords: AB/AC paradigm; memory; paired associates; exercise; memory interference;
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1. Introduction

Memory function is, unquestionably, critical for optimal daily function and is associated with
quality of life and mortality [1]. Thus, identifying factors that influence memory function is of great
public health and personal interest. Various brain structures, such as the hippocampus and prefrontal
cortex, play critical roles in influencing memory function [2,3]. In particular, these respective brain
structures subserve episodic and working memory capacity. Episodic memory function refers to the
retrospective recall of information from a spatial–temporal context [4], whereas working memory
involves the transient storage of information while concurrently processing competing stimuli [5].

Acute and chronic exercise have been shown to enhance episodic memory [6–19]. Notably,
however, as we have demonstrated in a recent systematic review [20], there may be an intensity-specific
effect of acute exercise on enhancing episodic memory, with higher-intensity exercise potentially being
optimal. Further, as we thoroughly addressed elsewhere [20,21], higher-intensity exercise may enhance
long-term potentiation (LTP) to a greater extent than lower-intensity exercise, which may explain
these potential intensity-specific effects, as LTP is considered an underlying mechanistic correlate of
episodic memory [22]. However, as we discussed recently [20], higher-intensity acute exercise may
impair working memory by increasing the levels of dopamine and norepinephrine in the prefrontal
cortex and, ultimately, dampen neural activity via cAMP opening of nearby K+ channels [20,23].
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There are a limited number of within-subject experimental studies evaluating whether
memory is differentially affected by varying acute exercise intensities. Further, within this field,
relatively few studies have evaluated the effects of acute exercise on paired-associative learning,
a hippocampal-dependent task [24]. Paired-associative learning is a classic memory paradigm used to
understand how individuals encode and retrieve newly learned associations among stimuli. Thus,
it is an important task used to examine and understand the mechanisms of learning and forgetting.
To address this gap in the literature, an objective of the present experiment was to evaluate whether
there is an optimal acute exercise intensity to enhance short-term memory, as assessed from a
paired-associative task. We hypothesize that higher-intensity acute exercise will be most advantageous
in improving short-term, paired-associative memory.

To further complement this body of literature, another objective of this experiment was to
evaluate whether acute exercise can attenuate memory interference, which can also be assessed
from a paired-associative learning task. Memory interference is one of the many forces behind the
impairment of memory retention [25]. There are two common types of memory interference, proactive
interference and retroactive interference [26]. Proactive interference occurs when older information
interferes with the recall of newly attained information. Retroactive interference occurs in the opposite
direction; new information disrupts the recall of older information. As with most aspects of memory,
interference may be influenced by several factors including gender, age, cognitive capacity, and content
similarity [27–30]. Regarding the latter, if information is similar (e.g., listing names of neuronal
pathways), interference is more likely to occur [31].

Physical activity is associated with increased prefrontal cortex (PFC) and hippocampal volume
along with increased levels of brain-derived neurotrophic factor (BDNF) [29,32]. Acute exercise-induced
BDNF release is associated with improved medial temporal lobe function, which is linked with cognitive
enhancement, especially when exercise occurs in an enriched environment [32]. The PFC and hippocampus
are stimulated during exercise, increasing neuronal excitability, priming the cells into encoding particular
stimuli, thereby facilitating memory formation [33]. These same regions are also utilized during memory
encoding, retrieval, and, importantly, distinguishing target information from similarly related information
(e.g., paired-associate tasks) [29,34]. The hippocampus is not only utilized during encoding, but plays
an important role in pattern separation, while exercise has been demonstrated to increase hippocampal
activity, which in turn, may help to facilitate hippocampal-induced pattern separation [35]. Other
mechanisms, related to pattern separation (i.e., attenuate a memory interference effect) that may be
influenced by exercise, include increased amygdala–hippocampal functional connectivity, neurogenesis,
and dentate gyrus activation within the hippocampus [36,37]. All of these networks provide potential
explanations of exercise benefiting paired-associative learning and attenuating memory interference.
Another explanation of this exercise–memory interaction, but from a cognitive psychology perspective,
is the cognitive-energetic approach [23]. This multidimensional model suggests that exercise-related
arousal and activation, coordinated by cognitive effort, have a voluntary control on psychological
attention [23]. This effort-guided psychological attention, which is likely to be moderated by exercise
intensity, may play a critical role in memory encoding and, ultimately, paired-associative learning [23].

Further, moderate- and vigorous-intensity exercise have been shown to induce mixed effects on
memory enhancement [38], highlighting the importance of additional investigations on this topic.
Higher-intensity exercise may decrease oxygenation of the prefrontal cortex, increase the levels of
norepinephrine and dopamine in the PFC, which, as mentioned, may weaken neuronal activity,
ultimately impairing PFC function [20,39]. Others, however, have demonstrated that acute vigorous
exercise and moderate-intensity exercise prior to encoding are effective at improving working memory
and enhancing PFC function [20]. These conflicting results may be due to many factors, including the
subject’s fitness level, implementation of novel environments, and the modality of exercise.
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As stated, there is a dearth of research investigating the intensity-specific effects of acute exercise
on paired-associative learning and memory interference. Further, what has yet to be investigated
is whether acute exercise can minimize a memory interference effect, as assessed via the AB–DE
AC–FG paradigm. Such an effect is plausible given the observed effect that acute exercise has on
post-exercise neuronal activity in the prefrontal cortex [40], coupled with the effect the prefrontal
cortex plays in minimizing a memory interference effect [34]. Thus, a key focus of this novel study
was to examine whether acute exercise can reduce proactive and retroactive memory interference,
when the acute bout of exercise occurs prior to the memory task. This time period of exercise, occurring
prior to the memory task, is in contrast to related consolidation studies that have evaluated whether
exercise, when occurring during the consolidation period, can enhance memory [41,42]. Unlike
these studies, the aim of the present complementary approach was to examine the effects of exercise
on cognitive processes underlying resolution of associative interference (proactive and retroactive).
We hypothesize that acute exercise, particularly higher-intensity exercise [20], will enhance short term,
paired-associative memory and attenuate a memory interference effect.

2. Methods

2.1. Study Design

All data collection occurred between August and October of 2018, in the authors’ Exercise and
Memory Laboratory. A total of 19 participants completed three laboratory visits (at approximately
the same time of day for each visit; e.g., each visit occurring at approximately 11:00), with these visits
occurring at least 24 h apart. This was based on a power analysis, utilizing G*Power, indicating that
18 participants would be needed to achieve adequate statistical power, with inputs of an α error
probability of 0.05, 1-β error probability of 0.85, 3 within-subject measurements, 0.5 correlation among
repeated measures, and an effect size F of 0.33.

A counterbalanced, randomized controlled, within-subject design was employed. The three
counterbalanced visits included a control visit, moderate-intensity exercise (50% of HRR; heart rate
reserve) and vigorous-intensity exercise (80% of HRR).

2.2. Participants

Participants provided voluntary consent prior to participation. This project was approved by the
ethics committee at the University of Mississippi (#19-004). Participants included undergraduate and
graduate students of the University of Mississippi. The sample originally included 20 participants,
but one participant was excluded due to the inability to exercise based on responses from the PAR-Q.
The final sample included 19 participants (6 males and 13 females from the ages of 18 to 35 years).
This sample size is consistent with other work in this area [43,44]. Participants were excluded if they:
self-reported as a daily smoker [45,46], self-reported being pregnant [47], exercise within 5 hours
of testing [48], consumed caffeine within 3 hours of testing [49], had a concussion or head trauma
within the past 30 days [50], had a diagnosis of ADHD [51], used marijuana or other illegal drugs
within the past 30 days [52], or were considered a daily alcohol user (>30 drinks/month for women;
>60 drinks/month for men) [53]. These exclusionary criteria were employed to minimize a potential
confounding effect on memory. Participant handedness was not measured for this experiment. For a
schematic of the experimental protocol, see Figure 1.
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Table 1. Example protocol for evaluating memory interference.

Study Set 1:
AB, DE

Cued Recall 1:
A__, D__

Study Set 2:
AC, FG

Cued Recall 2:
A__, F__

MMFR:
A__ __
D__ __
F__ __

Blouse Nickel Pepper ________ Clothing House Jacket _______ Blouse ____ ____
Paint Bread Clothing ________ Jacket Wheel Clothing ______ Chalk ____ ____
Onion Bottle Blouse ________ Blouse Bridge Mirror______ Jacket ____ ____
Pepper Cloud Chalk ________ Mirror Zipper Paint _______ Paint ____ ____
Button Phone Button ________ Button Breakfast Sister _______ Mirror ____ ____
Clothing Steak Paint _______ Sister Wallet Liquid _______ Onion ___ ___
Chalk Pillow Brain ________ Liquid Plant Blouse _______ Button ____ ____
Brain Orange Onion ______ Paint Dollar Button ______ Sister ____ _____

Pepper ____ ____
Clothing ____ ____
Brain ____ ____
Liquid ____ ____

2.3. Experimental Conditions

Each of the three experimental conditions occurred prior to the memory task. The active control
condition, similar to other studies [41], involved playing a medium-level, on-line administered,
Sudoku puzzle. Participants in this control condition completed this time-matched task for 20 min
prior to completing the memory task (described below). The website for this puzzle is located here:
https://www.websudoku.com/.

The two exercise conditions (moderate-intensity and vigorous-intensity) included a 15-min bout
of treadmill exercise (brisk walking and jogging, respectively), followed by a 5-min recovery period.
Previous literature has demonstrated that this exercise mode and a 15-min bout length is sufficient in
demonstrating exercise-induced improvements in memory [13,14,20,43,54–56]. The HRR equation used
to evaluate exercise intensity was: HRR = [(HRmax −HRrest) ×% intensity] + HRrest. To calculate
HRrest, at the beginning of the visit, participants sat quietly for 5 minutes, and HR was recorded
from a chest-worn Polar HR monitor. To estimate HRmax, we calculated the participants estimated
HRmax from the formula, 220-age [57]. Utilizing the HRR method, the moderate-intensity and
vigorous-intensity exercise visits, respectively 50% and 80%, were entered into the above formula.
These respective intensities represent moderate- and vigorous-intensity exercise [58].

Heart rate was measured for each experimental condition at rest, halfway through the bout of
exercise (7.5 min), at the end of the bout (15 min), and after a 5-min rest period.

https://www.websudoku.com/
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2.4. Memory

In research settings, memory interference is often measured using a paired-associative task—tasks
that include pairs of objects (e.g., pictures, words), which are to be memorized and subsequently
recalled [59–61]. For this experiment, the AB–DE AC–FG paired-associative paradigm was utilized.
This method was chosen due to its ability to create an interference effect and measure proactive
interference and retroactive interference simultaneously. This model is very similar to an AB/AC
paradigm, but it contains control word pairs. The AB–DE AC–FG method involves exposure to,
and the recall of, two individual word lists containing unrelated words. This task has previously been
shown to provide evidence of construct validity [62]. Other related tasks of memory interference have
demonstrated evidence of reliability [63]. List 1 is comprised of AB–DE word pairs while List 2 is
comprised of AC–FG word pairs. Each list includes multiple word pairs, half being interference pairs
(AB, AC) and half being control pairs (DE, FG). The “A” words being the only ones which repeat (e.g.,
AB “sugar”—temple, AC “sugar”—canoe), causing memory interference, while the remainder of the
lists are non-repeating words. As stated previously, the modified–modified free recall (MMFR) list is
similar to the recall of AB, AC words in an AB/AC paradigm, but this particular method includes the
recall of control word pairs along with interference pairs. Barnes and Underwood detail the effects of
AB/AC memory paradigms on learning, focusing on how after learning List 2, there is gradual decrease
in the frequency of List 1 responses during the recall of List 1 and 2 simultaneously (MMFR)—similar
to an extinction curve [64]. This does not automatically signify that List 1 was “forgotten,” but that List
2 may be causing interference and overpowering the recall of both responses. The control words in
this paradigm help to address this issue [64].

1. Participants studied set 1, which included eight noun-pairs, half containing interference pairs
(AB). Following this study period, they completed a 20-s arithmetic distractor task.

2. Participants then completed Cued Recall 1, which involved the cued recall of Study Set 1.
Participants were exposed to the stem word (and a blank) and were required to recall its pair.
Following this cued recall, they completed a 20-s arithmetic distractor task.

3. Participants then studied Set 2, which included eight noun-pairs, half of them containing
interference pairs (AC) from Set 1, with the other half being new noun-pairs (FG). Following this
study period, they completed a 20-s arithmetic distractor task.

4. Participants then completed Cued Recall 2, which involved the cued recall of Study Set 2.
Participants were exposed to the stem word (and a blank) and were required to recall its pair.
Following this cued recall, they completed a 20-s arithmetic distractor task.

5. Participants then completed a modified–modified free recall (MMFR), which involved the cued
recall of Set 1 and Set 2. Since some of the words (A words) were paired with two different
words (B and C words), participants were instructed to recall both words, if they could recall both.
From the MMFR cued recall test, Proactive Interference (PI) was calculated by subtracting the
percentage of FG pairs recalled from the percentage of AC pairs recalled. From the MMFR cued
recall test, Retroactive Interference (RI) was calculated by subtracting the percentage of DE pairs
recalled from the percentage of AB pairs recalled. Higher PI and RI scores are indicators of
proactive and retroactive facilitation, and thus, correspond with decreased memory interference.
That is, a lower PI and RI score indicate a greater (worse, unfavorable) memory interference effect.

For each Study Set (1 and 2), the noun-pairs were presented on the computer monitor screen for
5 s each. For each cued recall test (cued recall 1, cued recall 2, and MMFR), participants had 10 s to
complete the recall. All noun-pairs had an imagery score of ≥ 6.0.
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For each visit, participants completed a standard AB–DE AC–FG memory paradigm on a computer
after the five-minute rest period following the exercise protocol. An example word list to evaluate
this paradigm is shown in Table 1. Notably, separate word lists (of similar levels of imageability
and concreteness) were employed for each visit. All of the word pair lists and recall lists were in
a pseudorandomized order. As illustrated in Table 1, participants were exposed to List 1 (AB–DE),
which consists of eight word pairs (e.g., Blouse—Nickel), completed a 20 second distractor task
(i.e., mathematical problems), and then were exposed to the Cued Recall List 1 where they recalled
the missing word from the word pair (e.g., Blouse—_____). Next, participants were exposed to
List 2 (AC–FG), which also consisted of eight word pairs with some overlap of “A” words (e.g.,
Blouse—Bridge). After another 20-second distractor, participants were exposed to the cued recall of
List 2 and attempted to recall the missing word from the word pairs. Lastly, a final 20-second distractor
task was implemented and participants completed the modified–modified free recall (MMFR) word list
where they recalled a combined list of List 1 and List 2 words. The MMFR consists of all the previously
learned word pairs where some have only one missing word (DE, FG) and others have two missing
word pair associations (AB, AC). MMFR was scored without regard to whether the response was from
the first or second list. For each recall period (List 1, List 2, MMFR), there was only one trial and
participants were not exposed to a familiarization trial before the experiment.

Multiple memory parameters were evaluated. The number of correctly recalled words from
List 1 and List 2 were summed individually. Using the participant’s MMFR results, the number of
correctly recalled words from the subset of words (AB, DE are within List 1 and AC, FG are within
List 2) was calculated. The percentage was also calculated by dividing the number of correct words by
four, the total number of word pairs in the subset. Finally, proactive and retroactive interference were
measured as a percentage. Using the cued recall results from List 1 and 2, proactive interference was
measured by subtracting the percentage of correctly recalled FG pairs from the percentage of AC pairs
(i.e., AC–FG) and RI by subtracting the percentage of correctly recalled DE pairs from the percentage
of AB pairs (i.e., AB–DE) [65].

3. Statistical Analysis

All analyses were completed in SPSS (v. 23, IBM, SPSS, Armonk, NY, USA) or JASP (v. 0.9.1;
Netherlands). Both frequentist and Bayesian analyses were computed. For the frequentist analyses,
repeated measures analysis of variance (RM-ANOVA) was computed to examine the differences among
memory outcomes between the control, moderate, and vigorous conditions. These frequentist analyses
were supplemented with Bayesian RM-ANOVA analyses because Bayesian analyses do not assume
large samples and typically smaller sample sizes can be analyzed without losing power while retaining
precision [66,67]. For the Bayesian RM-ANOVA, Bayes Factors (BF) are reported, with a BF greater
than 3.0 indicating substantial support for the alternative hypothesis [68]. For the frequentist analyses,
statistical significance was set at an a priori alpha level of 0.05.

4. Results

Descriptive statistics for the demographics of the sample are shown in Table 2. The sample was
68.4% female, with an average age of 20.32 years (SD = 1.41 years), average BMI of 24.25 kg/m2 (SD =

4.66 kg/m2), and an average of 231.37 minutes/week (SD = 25.96 minutes/week) of exercise.
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Table 2. Descriptive statistics of the sample (N = 19).

Variable Point Estimate SD

Gender, female (%) 68.4 -
Age, mean years 20.32 1.41

Race, Non-Hispanic White (%) 78.9 -
Race, Non-Hispanic Black (%) 15.8 -
Race, Mexican American (%) 5.3 -

BMI, mean kg/m2 24.25 4.66
Average min/week of exercise 231.37 25.96

BMI, body mass index.

Physiological data across the experimental visits is provided in Table 3. The RM-ANOVA
demonstrated that heart rate was significantly different at the vigorous-intensity level (M = 172 bpm)
compared to moderate (M = 134 bpm) and control visits (M = 69 bpm) (F = 802.35, p < 0.0001,
η2

p = 0.97).

Table 3. Mean and standard deviation of heart rate across the experimental conditions.

Control (n = 19) Moderate, 50% HHR (n = 19) Vigorous, 80% HHR (n = 19)

Variable Mean SD Mean SD Mean SD

Heart rate at rest, bpm 69.5 11.8 69.4 14.7 71.6 12.4
Heart rate at 7.5 min, bpm - - 134.6 8.0 172.9 7.2
Heart rate at 15 min, bpm - - 135.8 9.2 176.6 5.9

Heart rate 5 min post, bpm 72.3 12.4 84.0 14.2 91.9 16.8

- signifies data was not assessed.

The frequentist and Bayesian RM-ANOVA results of the memory outcomes are displayed in
Table 4. The number of correctly recalled words from the cued recall of List 1 (AB–DE) was statistically
significantly (F = 4.63, p = 0.01, η2

p = 0.205) higher for the vigorous-intensity condition (M = 6.53, SD =

1.54) as compared to the moderate (M = 6.11, SD = 1.59) and control (M = 5.0, SD = 2.56) conditions
(Figure 2). When comparing these point estimates of the vigorous-intensity visit (6.53) to the control
visit (5.0), this represents a 30.6% increase ((6.53−5.0/5.0)× 100). When comparing the moderate-intensity
visit (6.11) to the control visit (5.0), this represents a 22.2% increase ((6.11−5.0/5.0) × 100). For these
List 1 results, the Bayes Factor was 4.05, providing moderate support for the alternative hypothesis,
in that the observed data are 4.05 times more likely under the alternative hypothesis than under the
null hypothesis. There was no statistical significance found comparing the conditions across the
number of correctly recalled words from the cued recall of List 2 (see Figure 3). Statistical significance
was also observed for the respective number of correctly recalled AB words from the MMFR list
((F = 4.97, p= 0.01, η2

p = 0.217, Bayes Factor = 4.94) and DE words from the MMFR list (F = 4.72,
p = 0.01, η2

p = 0.208, Bayes Factor = 3.76)). No statistical significance was observed between proactive
or retroactive interference across the experimental conditions. Differences between males and females
were also examined, but there were no significant gender interaction effects for any of the outcomes.
Although there was a statically significant difference between the conditions for the MMFR AB List
(F = 4.97, p = 0.01), there was also evidence of a difference for both of the control lists, DE (F = 4.72,
p = 0.01) and FG (F = 3.20, p = 0.052). This aligns with our proactive and retroactive interference
nonsignificant findings, as in order for proactive and retroactive interference to occur, there needs to be
a change in the AB and AC interfering lists with no change in the DE and FG control lists. The acquired
learning of List 1 may have also induced a proactive interference effect for the recall of List 2, which
may explain why only the recall of List 1 was significant between the conditions.
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Table 4. RM-ANOVA results for memory outcome scores t across the experimental conditions (N = 19).

Control Moderate Vigorous
Results

Variable Mean (SD) Mean (SD) Mean (SD)

# Correct Cued Recall List 1 5.00 (2.56) 6.11 (1.59) 6.53 (1.54) F(2,36) = 4.63, p = 0.01*, η2
p = 0.205, BF = 4.05

# Correct Cued Recall List 2 5.31 (1.94) 6.00 (1.73) 5.47 (2.14) F(2,36) = 1.71, p = 0.19, η2
p = 0.087, BF = 0.47

# Correct MMFR AB List 2.10 (1.24) 2.47 (1.21) 3.05 (0.97) F(2,36) = 4.97, p = 0.01*, η2
p = 0.217, BF = 4.94

# Correct MMFR DE List 2.10 (1.44) 2.36 (1.21) 3.00 (1.15) F(2,36) = 4.72, p = 0.01*, η2
p = 0.208, BF = 3.76

# Correct MMFR AC List 2.21 (1.22) 2.57 (1.21) 2.57 (1.30) F(2,36) = 0.795, p = 0.46, η2
p = 0.042, BF = 0.25

# Correct MMFR FG List 2.63 (1.16) 3.26 (0.87) 2.84 (1.25) F(2,36) = 3.20, p = 0.052, η2p = 0.151, BF = 0.51
Proactive Interference −11.84 (33.71) −14.47 (24.03) −6.58 (28.67) F(2,36) = 0.411, p = 0.66, η2

p = 0.022, BF = 0.82
Retroactive Interference 0.00 (25.36) −1.32 (26.96) 1.32 (24.25) F(2,36) = 0.062, p = 0.94, η2

p = 0.003, BF = 0.14
t Memory outcome scores are calculated as follows (N = 19). Proactive interference (PI) and retroactive interference
(RI) are measured as a percentage. Using the cued recall results from List 1 and 2, PI is measured by subtracting
the percentage of correctly recalled FG pairs from the percentage of AC pairs (e.g., AC–FG) and RI by subtracting
the percentage of correctly recalled DE pairs from the percentage of AB pairs (e.g., AB–DE). For each outcome,
a RM-ANOVA was computed. The F value represents the main effect for condition. BF, Bayes Factor; η2

p =
Partial-eta squared.
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Figure 2. Individual level data (n = 19) for the number of correctly recalled words from the cued
recall of List 1 across the experimental conditions (control, moderate-intensity, and vigorous-intensity
exercise). Means are represented by the black bar: control (M = 5.0), moderate (M = 6.11), and vigorous
(M = 6.53).
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Figure 3. Individual level data (n = 19) for the number of correctly recalled words from the cued
recall of List 2 across the experimental conditions (control, moderate-intensity, and vigorous-intensity
exercise). Means are represented by the black bar: control (M = 5.32), moderate (M = 6.0), and vigorous
(M = 5.47).

Brinley plots of the control versus moderate visit and control versus vigorous visit were created
for the cued recall of List 1, proactive interference, and retroactive interference (see Figures 4–9). There
is a line of no change imposed across each graph and if the data points fall on the line, this signifies
that there was no change from the control to the moderate/vigorous visit. If the data points are above
the line, this indicates that the participant performed better for the moderate/vigorous visit when
compared to the control visit. Figures 4 and 5, the results from the cued recall of list 1, indicate that
participants performed better during the exercise visits compared to the control visit. For proactive
interference, Figures 6 and 7 show mixed results for both moderate and vigorous conditions. Finally,
for retroactive interference, Figures 8 and 9 show similar results with no effect of acute exercise on
attenuating a retroactive interference effect.
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Figure 4. Cued recall of List 1—Control visit versus moderate visit. Each data point represents one
participant’s performance across the two conditions. Data points on or below the line of no change
signify no beneficial effect of the exercise condition when compared to the control visit. There was no
statistically significant difference between the moderate-intensity visit and control visit on the cued
recall of list 1.
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Figure 5. Cued recall of List 1—Control visit versus vigorous visit. Each data point represents one
participant’s performance across the two conditions. Data points on or below the line of no change
signify no beneficial effect of the exercise condition compared to the control visit. In this case, there was
a statistically significant difference in memory performance between the vigorous-intensity visit and
the control visit, with memory performance increasing in the visit with a bout of vigorous exercise.
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Figure 6. Proactive interference—Control visit versus moderate visit. Each data point represents
one participant’s performance across the two conditions. Data points on or below the line of no
change signify no beneficial effect of the exercise condition compared to control at increasing memory
performance. There was no statistically significant difference between the moderate-intensity visit and
control visit on proactive interference.
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Figure 7. Proactive interference—Control visit versus vigorous visit. Each data point represents
one participant’s performance across the two conditions. Data points on or below the line of no
change signify no beneficial effect of the exercise condition when compared to the control visit. There
was no statistically significant difference between the vigorous-intensity visit and control visit on
proactive interference.
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one participant’s performance across the two conditions. Data points on or below the line of no
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was no statistically significant difference between the vigorous-intensity visit and control visit on
retroactive interference.

5. Discussion

As we have discussed previously [20], few studies have examined the effects of multiple exercise
intensities on short-term, paired-associative memory function in a within-subject design, and there is
also limited research on the effect of exercise on memory interference. To address these gaps in the
literature, our study implemented a within-subject design to examine the potential intensity-specific
effects of acute exercise on paired-associative memory and memory interference. Previous literature
demonstrates that acute exercise can enhance memory function [6,10,15,20,21,38,69]. Our findings
align with these previous experiments. Our results also align with a recent review suggesting that
there may be an intensity-specific effect of acute exercise on memory function [20]. Adding to this body
of work, in our experiment, we also investigated the effects of acute exercise on memory interference.

In the present study, exercise intensity influenced memory function, with the vigorous-intensity
protocol having the most significant increase in the number of correctly recalled words for the cued
recall of List 1. Interestingly, however, memory performance was not significantly increased for
the cued recall of List 2, which may be due to a proactive interference effect of List 1 on List 2.
As stated previously, the increase in List 1 outcomes may be a result of a potential intensity-specific
effect of acute exercise on LTP [21]. Another potential avenue through which exercise may influence
memory is through arousal and psychologically-based attention effects [21]. Interestingly, in the
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present experiment, the exercise conditions, as seen in Figure 2, demonstrated a reduction of low
performance scores for the recall of List 1. This suggests that the beneficial effects of acute exercise
on paired-associative memory may, perhaps, contribute by attenuating forgetting. Future work is
needed to evaluate whether acute exercise improves long-term memory via enhancing memory and/or
attenuating forgetting [70].

Although the literature on exercise and memory interference is sparse, it has been demonstrated
that acute exercise may enhance working memory, suggesting that it may also play a role in attenuating
memory interference [20]. To date, only three published studies have examined the effects of acute
exercise on cognitive-related (not procedural) memory interference. These three studies, conducted
in our laboratory, are briefly discussed as follows. Haynes and Loprinzi demonstrated that memory
recall was improved when moderate-intensity exercise occurred prior to the memory task (encoding),
although acute exercise did not statistically significantly attenuate proactive memory interference [14].
Wingate et al. established that moderate-intensity acute exercise may have a protective effect against
retroactive, but not proactive memory interference [56]. In a separate study examining the role of
moderate- and vigorous-intensity acute exercise before memory encoding, a control condition with
no exercise, exercise during memory encoding, and exercise after memory encoding, the group that
exercised prior to memory encoding recalled the most words from List B of the Rey Auditory Verbal
Learning memory task, though differences between the conditions were not statistically significant for
moderate- or vigorous-intensity acute exercise [13].

Our present study expands upon this emerging literature by manipulating exercise intensity in a
within-subject design and, unlike the previous studies on exercise and memory interference [13,14,56],
the present study more robustly assessed both proactive and retroactive interference. Our experiment
did not provide convincing evidence for an effect of acute exercise to attenuate memory interference.
Before dismissing a potential effect of acute exercise on attenuating memory interference, further
studies need to be completed and additional explanations need to be considered. The current
study may be limited by its small sample size. It is possible that the participants experienced a
familiarization effect from being repeatedly tested on the paired-associative task, but as our visits were
counterbalanced, such an effect is unlikely to have influenced the between-visit results. The duration
of the exercise bout may need to be longer to be matched for energy expenditure (longer duration for
less intensive exercise). There may also be an important distinction between the cognitive benefits of
open- and closed-skill exercise. Closed-skill exercise signifies an aspect of predictability (e.g., running
on a treadmill), whereas open-skill activities may be unpredictable (e.g., playing racquetball) [32].
When compared experimentally, an open-skill exercise condition demonstrated more efficient neuronal
resource allocation and higher levels of exercise-induced BDNF levels [32], which may have implications
for attenuating memory interference, given that BDNF is a key neurotrophin for the persistence of
long-term memory [71]. Future studies may wish to consider conducting a within-subject design
involving a control condition, open-skill bout of exercise, and closed-skill bout of exercise along
with the completion of a memory interference task. This may help to determine whether there is a
differential effect of open or closed-skill exercise on the attenuation of memory interference. Such work
should also consider implementing a delayed recall of the MMFR list to better evaluate long-term
memory. Evaluating the test–retest reliability of our evaluated memory interference task as well as
other memory interference protocols would also increase the strength of future research.

In conclusion, this study implemented a within-subject design to examine the effects of acute
exercise intensity on paired-associative memory and the attenuation of memory interference. The results
demonstrated that moderate- and vigorous-intensity acute exercise did not have an effect on memory
interference, which aligns with other recent experiments [13,14,56]. However, our results provide
support for vigorous exercise having a greater effect on enhancing paired-associative memory. Given
the paucity of research in this area, future work evaluating the potential role of acute exercise on
memory interference is warranted.
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