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Abstract

This study examined the impact of using bike desks on cognitive function and memory
among university students. Physical activity during adolescence offers enduring health
benefits, yet sedentary behaviors prevail among young adults, posing significant health
risks. Bike desks, integrating stationary cycling with ergonomic desk designs, aim to
mitigate sedentary behavior while enhancing cognitive performance. Research indicates
that acute aerobic exercise improves executive functions, memory, and attention, which
is particularly beneficial in educational settings. The study employed the verbal paired
associates learning task (VPAT) to assess memory performance when either bike desk
usage at moderate intensity (intervention) or rest (control condition) occurred before
encoding and during early consolidation in 26 young adult medicine and nursing students
in a library setting. We hypothesised that bike desk usage will enhance memory encod-
ing and consolidation compared to the control condition of rest. The results of our study
showed no significant differences in VPAT scores or response latency between seated
and bike desk conditions. Supplementary analysis, including a multiple linear regression
model (R?: 0.773, Adjusted R?: 0.651, p < 0.001) revealed that higher BMI, more frequent
bicycle or stationary bike usage, and higher physical activity category were associated
with improved VPAT performance with the bike desk, while higher vigorous MET minutes
per week negatively impacted performance. This analysis suggests there are potentially
numerous uncharacterized modulators of the impact of exercise on memory, warranting
further research to identify and understand these factors.

Introduction

Physical activity during adolescence is widely recognized for its numerous health benefits,
including improvements in cardiorespiratory fitness, muscular strength, bone health, heart
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function, weight management, cognitive development and promoting prosocial behavior, with
many of these benefits persisting into adulthood [1-4].

Conversely, sedentary lifestyles have become a growing concern noted in around 31% of
young adults. It contributes to approximately 3.2 million deaths yearly, accounting for 6%
of global mortality [1,3]. Sedentary behavior, defined as sitting or reclining with an energy
expenditure of 1.5 metabolic equivalent tasks (METs) or less [1], poses significant health risks,
including obesity, cardiovascular diseases, diabetes mellitus, and certain cancers, thereby con-
tributing to increased mortality rates [4].

University students, who often spend prolonged periods attending lectures and studying,
are particularly prone to sedentary behaviors. Studies suggest that many students struggle
to incorporate physical activity into their daily routines due to academic demands [2]. The
World Health Organization recommends that adults engage in at least 150-300 minutes of
moderate-intensity aerobic exercise, 75-150 minutes of vigorous-intensity aerobic exercise
per week, or an equivalent combination, alongside minimizing sedentary behavior. [5]. Even
light-intensity physical activity can offer health benefits when replacing inactive periods [6].
To mitigate the negative health impacts of prolonged sedentary behavior, adults are encour-
aged to exceed these recommended levels of physical activity.

Research literature has consistently demonstrated that physical exercise enhances cognitive
function and overall well-being. Regular aerobic exercise promotes neuroplasticity, mitigates
the effects of normal and pathological ageing, improves cognitive abilities, and enhances
mood [7]. Aerobic exercise has also been shown to significantly improve processing speed,
crystallised intelligence, attention, executive function including problem solving and response
inhibition, with benefits increasing with age [8-10].

Research has also explored the effects of acute exercise on memory, with studies showing
that it predominantly enhances both short-term and long-term declarative memory [9,11-15].
Declarative memory involves the recollection of experiences (episodic) and facts (semantic)
and consists of phases conceptualised as encoding, consolidation, and retrieval. During encod-
ing, sensory information is processed by the hippocampus and surrounding medial temporal
lobe structures, which play a critical role in transforming experiences into memory traces.
Acute exercise before encoding is proposed to affect encoding through enhanced attention,
increased production and release of neurotransmitters and proteins such as brain-derived neu-
rotrophic factor (BDNF) in addition to activation of receptors such as N-Methyl-D-aspartate
(NMDA) [16,17]. Consolidation is primarily supported by the hippocampus and interactions
with the neocortex. Early-stage consolidation strengthens memory traces at a synaptic level in
the minutes to hours following encoding through the process of long-term potentiation and
modulated by BDNF and NMDA [16]. During late-stage or systems consolidation (hours to
days following encoding), memory traces are gradually reorganised and transferred from the
hippocampus to distributed networks in the neocortex, making them available for retrieval
over time [18]. Acute exercise performed shortly after encoding is proposed to stabilise new
memory traces through increased production of neurotrophins and growth factors, including,
BDNE phosphorylated cAMP response element-binding (CREB) and post-synaptic protein 95
(PSD-95) [19,20].

Several modulators of the effect of exercise on memory task performance have been iden-
tified, including temporality, duration, mode, and intensity. Evidence suggests that enhance-
ments in memory are observed when exercise is undertaken before memory encoding and
during consolidation [14]. Shorter bouts of exercise (< 20 minutes) were identified to provide
greater enhancements in memory compared to bouts of longer duration (> 40 minutes) [13]
while there is some evidence to suggest that high-intensity exercise may improve episodic
memory, and moderate-intensity exercise may improve working memory capacity [15].
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Finally, different modes of exercise were shown to have variable effects on memory, with
cycling being the most effective at improving long-term memory while walking was associated
with more significant improvements in short-term memory [13].

The rising popularity of active workstations, including bike desks, reflects their dual bene-
fits of reducing sedentary behavior and the potential for enhancing cognitive function through
physical activity. Research suggests that integrating active workstations into office settings
decreases sedentary time and health risks associated with prolonged sitting without negatively
impacting cognitive performance in the areas of memory, executive function, reading com-
prehension and mathematics [21-23]. While standing desks, in general, did not negatively
impact productivity measures, cycling and walking workstations have predominantly resulted
in reductions in typing and mouse-based computer tasks [21].

Compared to the workplace, the use and assessment of bike desks in educational settings
is quite limited. A small number of studies have shown that implementing bike desks in
school and university classrooms can positively impact students’ physical activity without
compromising their academic performance or engagement in class [24,25]. A limited number
of studies reported on implementing bike desks in library settings. Generally, these studies
investigated students’ perceptions of the bike desks and revealed that bike desks were posi-
tively received by students who reported they were more likely to visit the library due to their
presence [26-28]. One study reported that while students perceived using a bike desk to be
less effective for studying than a traditional seated desk, their use did not impact academic
performance [29]. The paucity of research studies assessing the impact of active workstations,
including bike desks, in educational environments is an area which requires attention, con-
sidering the potential benefits their application may have in addressing sedentary behaviours
prevalent in young adults in tertiary education.

Our study’s primary aim was to investigate the effects of acute bouts of exercise performed
on a bike desk at light to moderate intensity before memory encoding and during early-stage
consolidation on episodic memory task performance in a library setting. Scheduling the
exercise before encoding and during consolidation was designed to simulate periodic changes
between physical activity and sedentary behaviour that may occur during a study session while
using a bike desk and seated desk in a library setting. Light to moderate exercise intensity was
chosen as it is more conducive to an academic library environment, where excessive physical
exertion could be disruptive and counterproductive to the primary purpose of studying and
learning. We hypothesized that using a bike desk will positively influence long-term episodic
memory compared to being seated. The study also aimed to report students’ evaluation of
engaging in learning activities while using a bike desk in a library setting.

Materials and methods
Participants

The effect sizes for the impact of exercise on memory task performance vary greatly within
the literature, with a number of different moderators and temporal effects observed. A similar
study to our research study reported Cohen’s d = 1.04 for cycling before memory encoding,
and 0.24 after encoding compared to control conditions [30]. When assuming an effect size
Cohen’s d = 0.8, significance = 0.05 and power = 0.8 a value of minimum sample size of 25
per treatment group was calculated as outlined in supporting information, S1 File.

All aspects of the research study, including recruitment, consent, experimental protocols
and data management, received ethical approval from the RCSI Bahrain research ethics com-
mittee (REC/2023/180/07-Jun-2023) in June 2023. The study was conducted according to the
principles expressed in the Declaration of Helsinki.
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Self-selection sampling was used to recruit a pool of willing participants for the study via
the university email network. All participants were provided with a participant information
leaflet and an electronic written consent form. Twenty-six students from the School of Medi-
cine and the School of Nursing, 18 years of age and above, provided electronic written consent
through the MS Forms platform prior to joining the study. Participants were awarded a shop-
ping voucher after completion of the study to acknowledge their participation. Recruitment of
participants started on the 24" of September, 2023, and closed on the 25" of September, 2023.
The experimental phase of the study was conducted from the 7" of October, 2023, to the 28"
of October, 2023.

Equipment

A height-adjustable standing desk was combined with a stationary bike (Star Trac Spinner
Pro + stationary bike). The height and position of the bike and desk were adjusted to ensure
participants were in a comfortable and appropriate position for engaging in moderate-
intensity cycling. A chest strap heart rate monitor (Polar H10 heart rate sensor, Polar Electro
Oy, Kempele, Finland) was paired with the Polar Beat app [31] to allow recording of partici-
pants’ heart rate during experiments.

Verbal paired associates learning task

The verbal paired associates learning task (VPAT) was licensed from Millisecond LLC and
administered on a laptop computer using a local installation of Inquisit 6 [32]. Participants
were presented with a list of 14-word pairs, one-word pair at a time, for a set display time and
in a fixed sequence on the computer screen. Once the list had finished, the first word of each
word pair was presented as a prompt together with a textbox, and participants were asked to
type the missing second word. Feedback was provided during the immediate recall trials. This
list and recall task were repeated three times before a break of 20 minutes. After the break,
participants worked through a delayed recall test with no provided feedback and a recognition
task in which 28 words were presented to them, one by one, and participants decided whether
the word was part of the original list by pressing Y for Yes and ‘N’ for No. Of the presented
words, 14 were listed words and the other 14 were new distractor words. The test ended with a
free recall test in which participants typed as many of the original list word pairs into a single
textbox as possible.

The number of correct answers provided by each participant in all four sections (immedi-
ate recall, delayed recall, recognition, and free recall) of the VPAT were recorded along with
latency data (time taken to complete responses) for each section of the task.

Orientation

Participants initially attended an orientation session at the experiment venue in the university
library to allow familiarization with the cycling desk, the experiment location and the VPAT.
During orientation, participants also completed a survey related to demographics (age, height,
weight) and the International Physical Activity Questionnaire, IPAQ, [33] to establish their
level of physical activity.

Participants were fitted with a heart rate monitor before starting their orientation.
Participants were instructed to cycle at approximately 80 rpm. After 5 minutes, the par-
ticipants were asked to rate their perceived effort in RPE (rating of perceived exertion)
on the Borg Scale, and their heart rate was recorded. The resistance of the stationary bike
was increased manually by the research team, and after 1 minute, the participant was
asked to provide a new RPE and their heart rate was recorded. This step was repeated until
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participants provided at least 5 RPE values and an RPE of 15 or more, after which the par-
ticipants were requested to cycle until they had completed a total of 20 minutes of cycling
with an RPE in the range 11-13.

Experimental protocol

Following orientation, each participant visited the experiment location in the university
library on two different occasions, separated by approximately one week to undertake the
intervention and control conditions of the research study. The sequence of administration of
intervention and control conditions was randomly assigned for each participant to achieve a
counter-balanced randomized controlled protocol design, Fig 1.

The experiment protocols consisted of the following steps for both intervention and con-
trol conditions:

(1.) Participants watched self-selected anatomy or physiology videos from an online medical
educational resource, and, if desired, made summary notes for 20 minutes while seated
(control) or cycling at a bike desk at a moderate intensity, which they rated as 11-13 RPE
on the Borg Scale (intervention). Video length and subject difficulty varied depending
on the chosen topic, with participants watching one or more videos to fill up the total
duration of 20 minutes, allowing for a variation in content and cognitive load across
participants.

(2.) Participants completed the first section of the computer-based VPAT, duration ~ 10 min-
utes, while seated (control and intervention).

(3.) Participants continued watching anatomy or physiology videos and, if desired, made
summary notes for 20 minutes while seated (control) or cycling at a bike desk at moder-
ate intensity, which they rated as 11-13 RPE on the Borg Scale (intervention).

(4.) Participants completed the second section of the computer-based VPAT, duration ~ 10
minutes, while seated (control and intervention).

randomized

Participants > E 20 min Immediate X 20 min Delayed Oneweek " End of

- TR = TR S

recall recall washout —  study

N

et — bt — et

J

Fig 1. Cross-over randomized control design. Participants (n = 26) were randomized into one of two paths (red, n = 13; green, n
= 13), completing both bike desk (intervention) and seated (control) conditions. (Created in BioRender. Bahrain team 1, R. (2024)
BioRender.com/e72a479).

https://doi.org/10.1371/journal.pone.0319658.9001
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The participants heart rate was recorded using a chest strap heart rate monitor (Polar H10
heart rate sensor, Polar Electro Oy, Kempele, Finland) paired with the Polar Beat app [31],
and participants perceived exertion was recorded every 5 minutes on the Borg scale.

Bike desk evaluation

After completion of the orientation, and both seated and bike desk experiments, participants
completed a short questionnaire designed to report their perceptions of the bike desk, its
suitability, any impact on their attention or performance in the memory tests and prospective
usage of bike desks in different settings in the future. All items recorded in the evaluation
survey are available in supporting information, S2 Apprendix.

Statistical analysis

Statistical analyses were completed using IBM Statistics SPSS 29 [34]. The Kolmogorov
-Smirnov test was used to test normality of the heart rate, VPAT scores, latency, and change
in VPAT scores and response latency between conditions. Heart rate and VPAT scores are
presented as median and interquartile ranges (IQR), and latency are presented as mean +SD,
with statistical significance set to 0.05.

Participants’ measured heart rate, scores in each section of the VPAT and latency in the
recognition section of the VPAT during seated and bike desk conditions were compared using
the related-samples Wilcoxon signed rank test due to non-normal distribution of these data.
Participants’ latency for all sections of the VPAT during seated and bike desk conditions were
normally distributed, so the paired-samples t-test was used to investigate differences between
the conditions.

Supplementary analysis. To further explore any relationship between participant
characteristics and changes in performance and latency in the VPAT between seated and bike
desk conditions, a post hoc multiple linear regression was conducted. Model fit was reported
as adjusted R-square, and the statistical significance of the predictors was assessed using a
threshold of p < 0.05. The standardized coeftficients (p) of predictors were reported to indicate
their relative effect size or contribution to the models.

Results
Participant characteristics

All participants (12 male and 14 female) who attended orientation completed the study.
Participants’ age ranged from 18 - 37 years and had a mean age = 21.5 + 4.0 yr. The mean
BMI of participants was 25.3 + 5.6 kgm with two participants being underweight, eleven
normal weight, nine pre-obese and four obese. According to the IPAQ guidelines, of the 24
valid participant IPAQ responses, four had low, thirteen had moderate, and seven had high
levels of physical activity (PA). Four participants reported never using a bicycle or stationary
bike, eight reported rarely, another eight reported occasionally, and three reported often. The
median heart rate of participants during the two 20-minute periods of cycling in the bike desk
condition was significantly higher than those periods during the seated condition, 111 (103 -
127) bpm vs 79 (73 - 88) bpm, (W = 21763, z = 12.506, p < 0.001), Fig 2.

Memory task performance

Median scores and interquartile ranges for all sections of the VPAT and the total test score are
reported for seated and bike desk conditions, Table 1. Related-samples Wilcoxon signed rank
tests showed no significant differences between seated and bike desk conditions in total VPAT
scores (W = 236.5, z= 1.550, p = 0.121), Fig 3, and across individual section scores.;
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Fig 2. Median heart rate during seated and bike desk conditions.

https://doi.org/10.1371/journal.pone.0319658.9002

Table 1. Summary of VPAT scores and response latency.

VPAT Score VPAT response latency (ms)

Mean + SD Median (IQR) Mean + SD

Seated Bike desk Seated Bike desk Seated Bike desk
Immediate recall 36+ 11 39+ 13 37 (33 - 43) 42 (36 - 47) 205,577 £ 51,603 206,772 £ 79,904
Delayed recall 12+ 3 12+ 4 13 (11 - 14) 13 (11 - 14) 49,264 + 15,045 44,858 + 15,772
Recognition 27+ 2 28+ 2 28 (28 -28) 28 (28 -28) 16,618 + 14,519 14,570 £ 5,357
Free recall 9+3 9+ 3 9(8-11) 9(7-11) 101,710 £ 57,741 88,621 + 37,024
Total recall 84 + 17 87 £ 20 90 (76 - 95) 93 (84 -98) 373,168 £ 76,855 354,821 + 103,154

https://doi.org/10.1371/journal.pone.0319658.t1001

Memory task response latency

No significant differences were observed between seated and bike desk conditions in
response latency in the VPAT as a whole or in any section of the VPAT as determined using
paired-samples t-test (total recall, immediate recall, delayed recall, and free recall) and
related-samples Wilcoxon signed rank test (recognition). While higher latency was observed
for the seated condition in all sections, with the exception of immediate recall, the differences
observed were not significant, Fig 4.

Supplementary analysis: Modulators of memory task performance

A multiple linear regression analysis was conducted to explore the relationship between par-
ticipant characteristics and differences in VPAT performance during the seated and bike desk
conditions. The independent variables included in the model were BMI, IPAQ PA category,
frequency of bicycle or stationary bike use, experiment order, heart rate difference between
conditions (HR Bike Desk - HR Seated), vigorous MET minutes per week, moderate MET

minutes per week, and walking MET minutes per week.

The overall model was statistically significant (F (8,15) = 6.371, p = 0.001), indicating that
the predictor variables collectively explain a significant portion of the variance in difference in
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Fig 4. Comparison of total latency (milliseconds) in VPAT during seated and bike desk conditions.

https://doi.org/10.1371/journal.pone.0319658.9004
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VPAT performance between conditions. The model accounted for approximately 77.3% of the
variance, with an adjusted R* = 0.651, Table 2.

Among the predictors, BMI (§ = 0.644, p < 0.001) and IPAQ physical activity (PA) cate-
gory (p = 0.772, p = 0.010) were significant positive predictors of differences in VPAT per-
formance. This suggests that higher BMI and higher levels of physical activity, as categorized
by IPAQ, are associated with greater increases in VPAT performance during the bike desk
condition. The frequency of bicycle or stationary bike use also showed a positive and signifi-
cant association with changes in total recall (f = 0.354, p = 0.036).

Conversely, vigorous MET minutes per week was a significant negative predictor (f =
—1.126, p < 0.001), indicating that higher levels of vigorous physical activity were associated
with decreases in VPAT performance in the bike desk condition. Other variables, including
experiment order, HR Bike Desk - HR Seated, moderate MET minutes per week, and walk-
ing MET minutes per week, did not show significant associations with differences in VPAT
performance (p > 0.05).

A similar multiple linear regression analysis consisting of the same predictors assessing
their associations with VPAT response latency differences between seated and bike desk con-
ditions was not found to be statistically significant (F (8,15) = 2.055, p = 0.109).

Bike desk evaluation

Summary statistics of the evaluation questionnaire are presented in supporting information
S2 Appendix. Participants’ feedback regarding bike desk usage was generally positive, with the
exception of the seat, which was deemed to be uncomfortable by 18 (69.2%) of the partici-
pants. A total of 11 participants indicated that the bike desk did not distract them from focus-
ing on task, while an equivalent number reported that it did distract them. Despite this, more
than 75% of the participants did feel that they could engage in academic tasks while using the
bike desk at “fairly light’ to ‘somewhat hard’ levels of perceived exertion. Of the participants,
13 (50%) reported they would use a bike desk in the library while engaging in academic tasks
and 17 (65.4%) reported they would use a bike desk while taking a break from academic tasks.
Participants indicated a strong preference for using a bike desk in a private space in the library
(80.7%) or an active study gym in the sports hub (53.8%) as opposed to in an open area in the
library (15.4%). Participants also showed a strong preference for engaging with educational
content in the form of video (76.9%) and audio (65.4%) rather than reading (34.6%) and mak-
ing notes (23.1%) while using a bike desk.

Table 2. Factors associated with changes in total recall in VPAT between seated and bike desk conditions.

Independent variable B Std Error B t P
(Constant) -55.859 15.194 -3.676 .002
BMI 1.448 323 .644 4.489 <.001
IPAQ PA category 14.577 4.969 772 2.933 .010
Frequency of bicycle or stationary bike usage 4.402 1.906 354 2.310 .036
Experiment Order 4.119 4513 164 913 376
HR bike desk - HR seated -.141 116 -.161 -1.217 243
Vigorous MET minutes/week -.015 .003 -1.126 -4.437 <.001
Moderate MET-minutes/week -.006 .004 -.267 -1.532 .146
Walking MET-minutes/week -.003 .003 -.154 -1.010 .328

R?:0.773, Adjusted R”: 0.651, p < 0.001
https://doi.org/10.1371/journal.pone.0319658.t002
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Participants’ perceptions of the impact of bike desk use during the experiments showed
just under half (46.2%) felt they were more focused on the videos during the cycling exper-
iment, and just over half (53.8%) felt they performed better in the memory test during the
cycling experiment, compared to the seated experiment. Finally, 18 participants (69.2%) felt a
bike desk would improve their study experience, and 20 participants, representing more than
three-quarters of the study, reported that they would use it once a week or more.

Discussion
Study design

The design of this study aimed to simulate the real environment that students experience
while studying by conducting the experimental sessions in a university library setting like a
previous study by Pilcher et al., who investigated the effects of bike desk usage compared to

a traditional seated desk on academic performance, meta-cognition, and sleep in a university
library setting [29]. A randomized counter-balanced design was adopted to minimize the
influence of order and carryover effects, such as fatigue or learned effects that may influence
participants’ performance and perceptions when undertaking the randomly assigned bike
desk cycling experiment or seated control first. This design differed from a similar study by
Labban et al. [30] which involved three separate groups, an ‘exercise-prior to test’ group, an
‘exercise-after test’ group, and a control group. Comparatively, our counterbalanced design
allowed participants to undergo both the experimental and control experiments while using a
small sample size. Randomisation of the sequence of conditions helped distribute any carry-
over or practice effects evenly across conditions. Roughly one week was incorporated between
conditions to reduce the likelihood of immediate carryover effects influencing subsequent
experiments. To further address practice effects, we provided a standardized practice session
before the study commenced, ensuring that participants were familiarised with the memory
task before starting the experimental trials.

Moderate-intensity exercise, defined as an exercise intensity corresponding to 3 to 5.9 (less
than 6) metabolic equivalents (METs), where one MET corresponds to an energy consump-
tion of 1 kcal/kg per hour while an adult is resting, was selected for the 20-minute bike desk
cycling sessions [35]. This level of intensity was chosen as it is more suitable for a library set-
ting, and it has been suggested to be the most beneficial for working memory by comparison
to high-intensity exercise [15].

Our experiment design was also influenced by literature indicating that exercise before
memory encoding and during consolidation enhances memory function in young adults,
whereas exercise during encoding negatively affects memory regardless of age [11]. The
selected delay of 20 minutes between encoding and assessing long-term memory in our
study was shorter than that in many studies but was generally in line with moderate-intensity
exercise having beneficial effects on shorter delays between exposure and memory assessment
[14].

Both heart rate and perceived exertion were measured to ensure participants achieved the
moderate-intensity exercise and negative impacts resulting from fatigue on performance were
avoided [36]. Ratings of perceived exertion (RPE) of 13-15 are considered moderate-intensity,
however, an RPE level of 11-13, slightly below the moderate-intensity level of exercise was
specifically targeted, as this level was deemed appropriate for our participants to feasibly repli-
cate within the constraints of a library setting [37].

The VPAT [32] was selected for this study due to its widely recognized efficacy in assessing
both encoding and early consolidation memory processes, as demonstrated in prior research
studies [38-41]. The computerized format of the VPAT facilitated the collection of critical
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quantitative data, including response accuracy and latency, offering further insights into the
effects of bike desk usage on memory performance.

Memory task performance

Opverall, our findings revealed no significant differences in VPAT performance between
the seated and bike desk conditions across all sections. These results are inconsistent with
meta-analysis, which suggests that young adults showed memory performance benefits
when exercise is performed either before encoding and/or during consolidation. While in
the minority, there are similar studies that have reported moderate-intensity exercise having
no impact on memory task performance in young adults [39,42]. Although our study did
not reveal significant overall effects, it is possible that the lower cognitive load of the VPAT
memory task might have been insufficient to demonstrate such benefits as research on ado-
lescents with ADHD indicates that cycling on a bike desk can benefit higher cognitive load
phonological working memory tasks [43]. Another element of the experimental design that
should be considered is the nature of the cognitive task (watching anatomy or physiology
videos), which was undertaken during the seated or cycling period during early consolida-
tion. Cognitive tasks performed during consolidation has been shown to impair memory
performance compared to an offline-state waking rest [44]. This effect is attributed to the
reactivation of recently formed memories without interference from new sensory input or
cognitive load in the offline state. The educational videos resource used during consolida-
tion was selected due to its relevance to the participants’ programme of study, but the diffi-
culty and cognitive load of the selected videos were not controlled and may have introduced
varying degrees of interference during consolidation and could potentially have negated any
potential benefits provided by the moderate intensity exercise in the bike desk group.

Interestingly, the strong correlations between seated and bike desk conditions across all
VPAT sections suggest that memory performance remains stable regardless of whether a per-
son is seated or engaging in moderate-intensity cycling. This stability supports the view that
the presence of a bike desk does not adversely alter cognitive performance on memory tasks.

The lack of improvement in memory encoding and consolidation with the bike desk con-
dition might be related to the intensity of the exercise. The average heart rate in our cycling
condition was 111 (IQR 103 - 127) bpm, similar to other studies reporting moderate-intensity
exercise on a bike desk with heart rates of 116.8 + 16.0 and 116 + 2.9 bpm, respectively
[45,46]. While the prescribed bike desk experimental conditions provided a moderate level of
physical activity, it may not be vigorous enough to significantly impact memory encoding and
consolidation. Loprinzi et al. highlighted that acute vigorous-intensity exercise can enhance
episodic memory during the early consolidation period, suggesting that more intense phys-
ical activity might be necessary for substantial cognitive benefits [11]. A recent field study
conducted on endurance runners in their natural training environment reported superior
memory performance following acute high-intensity exercise compared to moderate-intensity
exercise [47]. This evidence is supported by a recent meta-analysis which reported that acute
high-intensity exercise is more effective than moderate-intensity continuous exercise at
increasing BNDE, a neurotrophin that is intimately involved in memory processes [48]. Con-
versely, another review found that acute low-intensity exercise had a more pronounced effect
on short-term memory, reflecting that the type and timing of exercise can influence memory
differently [13]. This dichotomy in findings underscores the complexity of how exercise inten-
sity and duration interact with memory processes.

Latency values in the bike desk condition, which were slightly lower, though not statisti-
cally significant, are consistent with previous literature showing decreased reaction times on
cognitive tests for those using a bike desk compared to a traditional seated desk [45]. Another
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study involving athletes also saw faster responses on the working memory tasks [49]. This
phenomenon could be explained by the increased arousal and mental engagement associated
with light physical activity, which may facilitate quicker cognitive responses [50]. Further
research is needed to explore the relationship between exercise and cognitive processing
speed.

Suppementary analysis; modulators of memory task performance

We also explored potential modulators of memory task performance between seated and bike
desk conditions. The literature has identified age as a modulator of memory function when
examining the impact of exercise on memory. Young adults demonstrated improvements in
episodic memory when exercise occurs before encoding or during consolidation, while older
adults experienced impairments in episodic memory [11,13]. Gender has not been identified
as a modulator in the literature, and our analysis also finds no association between gender and
changes in memory performance [11]. Habitual physical activity has not been examined in the
literature as a modulator of the impact of exercise on memory function. Subjective and objec-
tive measures of physical activity have been assessed as potential modulators of memory per-
formance in studies on young adults, but no association between free-living physical activity
and memory task performance or self-reported memory problems were reported [39,51]. Our
observation that higher self-reported physical activity, was associated with greater increases
in memory performance on the bike desk is an interesting observation that may be linked

to another modulator, cardiorespiratory fitness. A review reported an association between
cardiorespiratory fitness and memory performance but also noted that none of the studies
controlled for habitual physical activity levels [52], suggesting a link between the two. The
fitness level of participants has been assessed as a modulator of memory performance in tem-
poral proximity to exercise in a meta-analysis, with average levels of fitness being associated
with greater benefits to memory performance compared to higher levels of fitness. However,
this association is tenuous as only a few studies were included in this analysis, and none of the
studies reported a direct comparison between different fitness levels in the same experiment.
A recent study examined the impact of different exercise intensities on cognitive function,
including working memory, across low and high cardiorespiratory fitness groups [53]. No
modulating effects were found for high and low-fitness groups in memory accuracy after exer-
cise of different intensities. However, the low-fitness group experienced greater reductions in
response time compared to the high-fitness group at moderate-intensity exercise, while this
trend was reversed for high-intensity exercise [53]. The evidence from this recent study may
also be related to our observation that higher levels of vigorous MET min per week were asso-
ciated with reduced improvements in memory performance in the bike desk condition, which
also raises intriguing questions related to the interplay of exercise intensity, cardiorespiratory
fitness and potential memory performance benefits from using a bike desk.

The association we observed between higher BMI and greater improvements in memory
performance while using the bike desk presents a counterintuitive finding that can be explored
from multiple angles. One possible explanation is that individuals with higher BMI may
experience greater cognitive and metabolic benefits from the added physical activity provided
by the bike desk. This increased benefit could be due to the greater cognitive stimulation and
metabolic changes induced by the exercise. Research on children has shown that a higher BMI
can be linked to decreased cortical thickness, particularly in the prefrontal cortex, which is
vital for executive functions such as working memory [54]. This finding suggests that a higher
BMI might negatively impact cognitive abilities related to executive function in children. Con-
versely, in older adults (aged 61-84), a higher BMI has been positively associated with better
performance in both verbal and non-verbal learning and memory tasks. This phenomenon is
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consistent with the “obesity paradox,” which posits that a higher BMI may offer some pro-
tective effects against cognitive decline in older age [55]. Furthermore, moderate physical
activity, such as cycling, is known to enhance cognitive function by increasing cerebral blood
flow and stimulating the release of neurotrophic factors that support brain plasticity. This
effect might be particularly pronounced in individuals who are less physically active or have a
higher BMI [56]. A review focused on overweight adolescents also found that physical activity
improved core executive functions, including working memory, suggesting that physical activ-
ity can mitigate some of the cognitive drawbacks associated with higher adiposity [57]. These
findings underscore the complex relationship between BMI, physical activity, and cognitive
function and suggest that individual differences in baseline activity levels and physical fitness
can significantly influence the cognitive benefits derived from exercise interventions like the
use of a bike desk.

Bike desk evaluation and future implementation

Research shows that incorporating physical activity into study routines can enhance cogni-
tive function without negatively impacting memory [45] or academic performance [29]. Our
findings align with this evidence, demonstrating that bike desks do not hinder memory per-
formance and were generally well accepted by the student participants of the study with more
than half indicating that they could engage in academic tasks while using the bike desk. This
is similar to that reported by Pilcher et al. in their 10-week study during which no differences
in motivation, focus or perceptions of preparedness for examinations were identified between
the bike desk and traditional desk groups. Therefore, we believe bike desks can be an effective
tool for integrating physical activity into academic and non-academic settings, while also hav-
ing the potential to enhance cognitive function and productivity. For institutions, implement-
ing bike desks in libraries could significantly improve student health without compromising
academic performance by reducing sedentary behavior, alleviating stress, and improving
well-being.

Study limitations

The small sample size, consisting of 26 students, and the demographic of our participants,
aged 18 and above from the School of Medicine and the School of Nursing, may restrict the
generalizability of our results. This study was focused on acute bike desk usage and memory
task performance and did not examine the potential impact that long-term or habitual use of
a bike desk may have on cognitive function in an academic setting. This study was designed
to simulate bike desk usage in a library setting and while we attempted to control for environ-
mental distractions by conducting experiments in a restricted area within the library, we do
acknowledge the potential for participants to have experienced variable external noise during
the experiments. External factors such as sleep patterns, diet, and caffeine intake [58-60],
which have been proven to affect performance in cognitive function tests were not controlled
for. Finally, the observation that the level of habitual physical activity was associated with
memory task performance changes between conditions should include the caveat that the
physical activity measures were self-reported and subject to potential bias such as recall and
social desirability.

Conclusions

Our results do not provide evidence that acute bike desk usage at moderate intensity before
encoding and during early consolidation either positively or negatively impact memory. However,
post hoc analysis of modulators, identified possible associations between a number of participant
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characteristics (BMI and self-reported physical activity) that have not been extensively reported in
the literature. Future research is needed to learn more about participant characteristics (cardiore-
spiratory fitness, metabolic health, objectively measured physical activity) that may act as modu-
lators of the impact of bike desk usage on cognitive function. The potential impact of long-term
bike desk usage at varying intensities and durations on students health and wellness, cognitive
function and academic performance in educational settings also requires further attention.
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