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Acute and chronic physical activity
improves spatial memory in an immersive
virtual reality task

Daniela Ramirez Butavand,1,2,6 Marı́a F. Rodriguez,3,6 Marı́a V. Cifuentes,4 Magdalena Miranda,1

Cristian Garcı́a Bauza,3 Pedro Bekinschtein,1,7,* and Fabricio Ballarini2,5,7,8,*

SUMMARY

Physical activity benefits both fitness and cognition. However, its effect on long-
term memory is unclear. In this study, we evaluated the effect of acute and
chronic exercise on long-term spatial memory for a new virtual reality task. Par-
ticipants were immersed in the virtual environment and navigated a wide arena
that included target objects. We assessed spatial memory in two conditions (en-
coded targets separated by a short or long distance) and found that 25 min of
cycling after encoding — but not before retrieval — was sufficient to improve
the long-term memory retention for the short, but not for the long distance.
Furthermore, we found that participants who engaged in regular physical activity
showed memory for the short-distance condition whereas controls did not. Thus,
physical activity could be a simple way to improve spatial memories.

INTRODUCTION

Physical activity has been shown to benefit both fitness and cognition. In particular, Blondell, Hammersley-

Mather, and Veerman1 have shown that regular aerobic exercise protects against cognitive decline. Also,

regular aerobic exercise considerably improves performance in tasks that involve attention, processing

speed, and executive function.2 However, the relationship between aerobic exercise and memory is not

well understood. For example, Voss et al.3 have summarized many findings linking physical activity and

memory and concluded that there is a positive effect of aerobic exercise on different types of memory

such as visuospatial, story recall, and relational in both cognitively normal middle-aged and older adults.

On the other hand, Roig et al.4 concluded in another review that long-term cardiovascular exercise has

no significant effect on long-term memory and produces only small improvements in short-term memory.

No negative effects of physical activity were found on cognitive functions. Even though most of the

above-mentioned studies have shown numerous benefits of aerobic exercise, most of them have evaluated

the benefits of chronic physical activity. Several studies have shown that the rate of abandonment of these

practices is very high and is owing to various factorsmainly related to lack of time.5 Therefore, differentiating

the effects of chronic and acute physical activity is highly relevant to clinical and everyday applications.

Other studies have focused on the effect of short bouts of exercise on various cognitive functions. A single

session of variable duration of moderate aerobic exercise has been shown to improve numerous executive

functions such as attention,6 inhibitory control,7 and cognitive flexibility,8 among other cognitive processes

(for a review, see Tomporowski9). In addition, several investigations studied the effect of a single bout of

exercise on short-term memory, showing a significant effect of a 10-min walk followed by a 15- to 30-min

rest on the recall of words learned immediately after exercise.10 Also, they showed that 30 min of cycling

before learning a story improved its short-term retention 30 min later11 compared to a control group.

Although these studies improved our understanding of the acute effects of exercise on memory formation,

few studies evaluated the impact of physical activity on long-term memory. The main studies in this field

found associated improvements in the consolidation of motor,12 emotional,13 and picture-location14 mem-

ories. In particular, in those three studies, a single bout of exercise after encoding was enough to improve

the different long-term retention 24 h later.

In this study, we focused on studying the effect of exercise on spatial memory. This type of memory, that

records information about the environment and the location of objects in it, deteriorates with aging and

1Instituto De Neurociencia
Cognitiva y Traslacional
(INCyT), CONICET-
Fundación INECO,
Universidad Favaloro, Ciudad
Autónoma de Buenos Aires,
Argentina

2Laboratorio de
Neurociencia Traslacional,
Instituto de Biologı́a Celular y
Neurociencias ‘‘Dr. Eduardo
De Robertis’’ (IBCN),
CONICET- Universidad de
Buenos Aires, Ciudad
Autónoma de Buenos Aires,
Argentina

3CONICET, PLADEMA,
Universidad Nacional del
Centro de la Provincia de
Buenos Aires, Tandil, Buenos
Aires, Argentina

4CIC, PLADEMA, Universidad
Nacional del Centro de la
Provincia de Buenos Aires,
Tandil, Buenos Aires,
Argentina

5Departamento de Ciencias
de la Vida, ITBA, Ciudad
Autónoma de Buenos Aires,
Argentina

6These authors contributed
equally

7These authors contributed
equally

8Lead contact

*Correspondence:
pbekinschtein@favaloro.edu.
ar (P.B.),
fballarini@itba.edu.ar (F.B.)

https://doi.org/10.1016/j.isci.
2023.106176

iScience 26, 106176, March 17, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:pbekinschtein@favaloro.edu.ar
mailto:pbekinschtein@favaloro.edu.ar
mailto:fballarini@itba.edu.ar
https://doi.org/10.1016/j.isci.2023.106176
https://doi.org/10.1016/j.isci.2023.106176
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106176&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Alzheimer’s disease,15–17 so it is important to study simple ways to improve it. Spatial memory has been

evaluated using different tasks in rodents18 and, in the last few decades, several tasks have been developed

to study this function in humans. The development of virtual reality environments became particularly use-

ful for spatial cognition research.19,20 Some studies have shown a positive effect of physical activity on this

type of memory in rodents and humans.15,21–24 But again, most of them have focused on investigating

chronic physical activity. Therefore, studies evaluating the role of acute doses of physical activity on this

type of memory are missing.

In this study, we evaluated the effect of acute and chronic physical activity on the consolidation and retrieval

of spatial memory in a novel virtual reality task. It was carried out with the support of a software solution,

including a post hoc virtual reality environment (Computer Assisted Virtual Environment – CAVE), which

provides a greater sense of immersion than tasks performed with computer screens.25,26 We hypothesize

that acute and chronic physical activity may have a beneficial effect on spatial memory.

RESULTS

Effect of exercise on spatial memory consolidation

To investigate the effect of physical activity on different phases of spatial memory processing, we designed

a task in a virtual reality environment. The background we used consisted of a fairly uniform landscape with

some valleys and mountains (Figure 1A, upper). The task started with a pre-encoding (pre-EN) phase in

which participants had to move toward a single flag using a joystick, pick it up and then return to the start-

ing point. Afterward, they had to select between 360 possible flags in a virtual circumference that included

the position of the one already picked up. This procedure was repeated up to ten times (see the average

number of trials for each group in Table S1). Next, participants performed a control test, in which 2 flags

appeared separated by an angle of 60�, and then they had to select between the 360 flags, the one that

had appeared previously on their right-hand side. After the pre-encoding stage, the participants started

the first encoding phase (EN1). Two flags appeared (consecutively) separated by an angle of either 20�

(short-distance condition) or 40� (long-distance condition) and each participant had to pick them up.

The condition was randomly assigned to each subject who, from then on, performed consecutive trials

of the same condition. During the test phase (TS1, delay 0 h), 360 flags appeared and participants had

to select which one was positioned exactly in the middle of the two encoded flags (Figure 1A, upper right

picture. Participants were located in the center of the flag circumference. The perspective of the depicted

image was chosen to show how the flags were positioned). After half an hour, they performed the second

encoding phase (EN2, analogous to the first one, but the new position of the flags was randomly generated

within the same circumference), and immediately after, control (short-distance: n = 10, 5 female; long-dis-

tance: n = 9, 2 female; sedentary) and chronic (short-distance: n = 10, 2 female; long-distance: n = 9, 3 fe-

male; athletes) groups watched a video for 25 min whereas the acute group (short-distance: n = 9, 4 female;

long-distance: n = 9, 1 female; sedentary) cycled for 25 min. Memory for EN2 was evaluated 24 h later (TS2,

delay 24 h). Lastly, they performed the last encoding (EN3) that was evaluated immediately after (TS3, delay

0 h). Figure 1A shows a schematic of the complete protocol.

The distinction between sedentary people and athletes was corroborated by participants’ reports of the

International Physical Activity Questionnaire (IPAQ) short version. This questionnaire was completed by

each subject after the end of TS3. The chronic group (CH) had a significantly higher IPAQ score (meaning

more physical activity) compared to the control (CT) and acute (AC) groups, and no differences were

observed between the latter two groups (Kruskal-Wallis analysis, short-distance: H = 19.22, p< 0.0001

and long-distance: H = 12.59, p = 0.0018).

During the pre-EN phase, after the second trial, participants were instructed to use spatial strategies to

orient themselves in the arena, so that they could use a specific distant feature in the background to locate

the flags. Accuracy was measured as the difference between the target and the selected flag positions (dis-

tance to target, Figure S1). A repeated-measures ANOVA analysis revealed a significant effect of trials

(short-distance, Figure S1A: F(4,32) = 14.64, p< 0.001, h2 = 0.28; long-distance, Figure S1B: F(4,32) = 20.63,

p< 0.001, h2 = 0.22) and no differences between groups (short-distance: F(2,16) = 0.03, p = 0.967, h2 =

5.67e-4; long-distance: F(2,16) = 0.06, p = 0.939, h2 = 0.002) or interactions (short-distance: F(8,64) = 1.98,

p = 0.064, h2 = 0.09; long-distance: F(8,64) = 0.82, p = 0.591, h2 = 0.04). This indicates that participants

improved their performance throughout the trials.
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The accuracy in the control test (using a separation between flags of 60�) was similar for all groups (ANOVA

test: F(5,50) = 1.61, p = 0.18, h2 = 0.14), indicating that they all began with a uniform ability to use the joystick

and a similar spatial orientation in the CAVE.

As mentioned above, each participant was assigned to one of the two conditions [Figure 1A, short- (a =

20�) or long-distance (a = 40�)] and performed the EN1 that was evaluated immediately afterward (delay

0 h). We calculated the absolute value of the difference between the flag positioned in the middle of the

two encoded flags (target) and the selected flag. No differences were observed between groups in the

Figure 1. Effect of exercise on spatial memory consolidation

(A–D) Schematic representation of the whole protocol (in the testing phase, upper right picture, participants are located

in the center of the circumference). The performances were calculated as the distances to the target (the position of the

flag in the middle of the two encoded flags minus the position of the flag selected by each participant in the TS) and are

shown as the meanG SEM for the different groups (CT: control, AC: acute, CH: chronic). Absolute distances are shown for

participants who performed the task in (B) the short-distance condition (CT, n = 10; AC, n = 9; CH, n = 10) or (C) the long-

distance condition (CT, n = 9; AC, n = 9; CH, n = 9). One-way ANOVA revealed significant differences only in the absolute

distances shown for participants who performed the task with (B) the short-distance condition with a 24h-delay *p< 0.05.

Normalized distances (taking into account the error in each condition) are shown in panel (D). A two-way ANOVA revealed

only an interaction effect (p = 0.01) and the multiple comparisons test revealed a significant difference between CT and

AC groups in the short-distance condition (*p = 0.01). For performances during the pre-EN phase, see also Figure S1.
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two conditions (short-distance: F(2,26) = 0.42, p = 0.66, h2 = 0.03; long-distance: F(2,24) = 0.94, p = 0.41,

h2 = 0.07).

To find out whether exercise influenced the consolidation of spatial memories, participants performed a

second encoding session (EN2) followed by an intervention (cycling in the acute group or watching a video

in the control and chronic groups) that was tested 24 h later (TS2, delay 24 h). Themean distance covered by

the participants on the stationary bike was 7.29G 0.86 km in the short-distance group and 6.88G 0.70 km in

the long-distance group (no differences were found between groups, p = 0.39, d = 0.519). We first analyzed

each condition separately and found that the absolute distance to the target measured 24 h after learning

was significantly different between groups in the short-distance condition (Figure 1B, short-distance:

F(2,26) = 4.95, p = 0.015, h2 = 0.28). Post hoc pairwise comparisons showed that only the acute (AC) group

selected shorter distances to the target than the control (CT) group (AC vs. CT: p = 0.012, d = 1.43; CH vs.

CT: p = 0.474, d = 0.47). This outcome was not observed in the long-distance condition. The physical inter-

vention had no impact on the group that solved the task with a greater separation between flags (Figure 1C,

long-distance: F(2,24) = 0.06, p = 0.94, h2 = 0.005). Next, to compare performances between conditions, we

normalized the data to the maximum error in each condition if participants remembered one of the two

flags. Thus, for the short-distance condition (20�), we normalized the distance to the target by 20 and for

the long-distance condition (40�) by 40 (Figure 1D). We performed a two-way ANOVA (group x condition)

and found an interaction effect (F(2,50) = 4.54, p = 0.015, h2 = 0.15) and no main effect (group: F(2,50) = 2.26,

p = 0.115, h2 = 0.08; condition: F(1,50) = 0.59, p = 0.445, h2 = 0.01). Sidak’s multiple comparisons test re-

vealed a significant effect only in the CT vs. AC comparison in the short-distance condition (t(50) = 3.62,

p = 0.01).

We compared male and female performance and did not find significant differences between sexes [two-

way ANOVA, short-distance: (control, n_F = 5, n_M = 5; acute, n_F = 4, n_M = 5; chronic, n_F = 2, n_M = 8)

F(1,23) = 0.48, p = 0.50, h2 = 0.02; long-distance: (control, n_F = 2, n_M = 7; acute, n_F = 1, n_M = 8; chronic,

n_F = 3, n_M = 6) F(1,21) = 0.37, p = 0.55, h2 = 0.02].

Finally, participants carried out an additional encoding (EN3) which was tested immediately (the responses

of two participants in the short-distance chronic group were lost). Similar performances were observed for

all groups under both conditions (short-distance: F(2,24) = 1.03, p = 0.37, h2 = 0.079; long-distance: F(2,24) =

2.58, p = 0.097, h2 = 0.177).

We reasoned that if physical activity promoted long-term memory, both the acute and chronic groups

would not select the flag randomly during the long-term memory test (TS2). We analyzed the distributions

of the data to determine whether participants were choosing a flag randomly. This would lead to a uniform

distribution among all possible positions if they did not remember (i.e. ‘‘no memory’’) or a distribution of

the data around zero if they did. We compared the performance distributions with 1000 uniform distribu-

tions randomly generated using a Kolmogorov-Smirnov test and then averaged the pvalue of each itera-

tion. Results indicated that all distributions of delay 0 h were significantly different from the random uniform

distribution (p< 0.05). In other words, all groups were able to remember the locations of the flags immedi-

ately after EN. In contrast, for the 24 h delay, we observed that all distributions were not significantly

different from the uniform distribution, with the exception of the acute and chronic groups in the short-dis-

tance condition (Figure 2A, p< 0.01 and p< 0.05, respectively). This may reflect that these groups did

remember the position of the flags learned on the previous day. Conversely, the control group in the

short-distance condition and all groups in the long-distance one (Figure 2B) showed no memory for the

position of the flags (p> 0.05 in all cases). It is worth noting that some participants chose a flag close to

the target and some others very far away and a few at an intermediate point, resulting in a uniform

distribution.

Replication experiment

We performed a replication study in an independent group of sedentary subjects for the short-distance

condition. They completed the pre-EN phase, and all the consecutive ENs and TSs mentioned above using

a 20� separation between flags (short-distance condition). The control (CT) and acute (AC) groups con-

sisted of 10 (2 female) and 12 (3 female) participants, respectively. Both groups included only people

who reported little or no physical activity. We found no significant differences in their IPAQ scores

(Mann-Whitney test, U = 48, p = 0.4418).
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Figure 2. Comparison between performance and uniform distributions

We plotted the frequency obtained for each possible angle (i.e., how many participants obtained a particular distance to the target). The orange bars

represent the participants who were in the short-distance condition (20�).
(A) and the green bars in the long-distance condition (40�).
(B). Also, we plotted a uniform distribution generated randomly (white bars). The uniform distribution plotted is just representative because the distributions

used in the comparison were of the same length as the data. We compared the performance distribution with the uniform distributions in each case by a

Kolmogorov-Smirnov test. We obtained significant differences only in the acute and chronic groups in the short-distance condition: p< 0.01 and p< 0.05,

respectively.
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As we saw in the main experiment, participants from both groups improved their performance during

the pre-EN. A repeated-measures ANOVA analysis revealed a main effect of trials (F(4,36) = 21.08, p<

0.001, h2 = 0.42) and no effect of group (F(1,9) = 3.26, p = 0.104, h2 = 0.04) or interaction (F(4,36) = 0.45,

p = 0.772, h2 = 0.01). In addition, all the participants started the main task with a similar performance on

the control test (t(20) = 0.66, p = 0.516, d = 0.28).

Groups showed no significant differences in any of the tasks evaluated with a 0 h delay (TS1: t(20) = 0.97, p =

0.342, d = 0.42; TS3: t(20) = 1.19, p = 0.248, d = 0.51).

Like in the first experiment, participants in the control group watched a video for 25 min and participants in

the acute group cycled for 25 min after EN2, and both groups were tested 24 h later (Figure 3A). The mean

distance covered by the participants on the stationary bike was 6.89 G 1.51 km. We found significant dif-

ferences between groups (Figure 3B, t(20) = 2.59, p = 0.017, d = 1.11), with the acute group performing bet-

ter. A post hoc analysis revealed that the power achieved was 0.8.

Then, we ran the Kolmogorov-Smirnov analysis on the new data, comparing the data distribution of each

group with 1000 randomly generated uniform distributions (Figure 3C). We found that the data distribution

of the control group was not significantly different from the uniform distribution (p> 0.05) whereas the data

distribution of the acute group was (p< 0.01). Therefore, in comparison with the control subjects, partici-

pants who cycled (acute group) were able to remember the position of the flags.

Effect of exercise on spatial memory retrieval

Finally, to investigate whether exercise additionally modulated spatial memory retrieval, we recruited a

different group of participants to perform a similar protocol in the short-distance condition. Instead of

cycling or watching the video immediately after EN2, they spent 25 min cycling on a stationary bike (acute,

AC: n = 10, 4 female) or watching a video (control, CT: n = 10, 4 female) just before TS2, when they were

asked to remember the position of the flags learned the day before (Figure 4A). No differences were

observed between CT and AC groups on either of the two delays: 0 and 24 h (Figure 4B, delay 0 h:

t(18) = 0.307, p = 0.762, d = 0.137 and 4C, delay 24 h: t(18) = 0.110, p = 0.914, d = 0.049).

Figure 3. Replication experiment

(A) A schematic of the encoding phase followed by the intervention and testing is shown.

(B) Results were obtained from an independent group of participants. All participants performed all trials in the short-

distance condition (20�). Performances were calculated as distances to the target (the position of the flag in the middle of

the two encoded flags minus the position of the flag selected by each participant in the TS) and are shown as the meanG

SEM for the control (CT, n = 10) and acute (AC, n = 12) groups. The t-test analysis revealed significant differences between

groups, *p = 0.017.

(C) We plotted the frequency obtained for each possible angle (i.e., data distribution, orange bars) and a uniform distribution

generated randomly (white bars). We compared both distributions for each group using a Kolmogorov-Smirnov test. We

obtained significant differences in the acute group, p< 0.01, and no difference in the control group, p> 0.05.
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Together, these results suggest that performing physical exercise immediately after encoding - but not

before retrieval - promotes long-term retention of a spatial memory only when the separation between tar-

gets was short (20�-separation compared to 40�-separation).

DISCUSSION

In this work, we developed a task to evaluate spatial memory in humans in an immersive environment and

studied the effect of acute and chronic physical activity on both consolidation and retrieval of this type of

memory. The results showed that a single bout of acute physical activity after encoding, but not before

retrieval, was sufficient to promote the long-term retention of spatial memories of targets located close

to each other (short-distance condition). This result was replicated using an independent group of partic-

ipants. In addition, participants who performed acute exercise (acute group) and those who engaged in

regular physical activity (chronic group) selected the position of the flag in a non-random way.

Although there is consensus that physical exercise benefits memory, it is not clear the type of exercise, its

duration, timing, and memory phases affected by it. Moreover, most of the effects related to memory

enhancement have been found in typical laboratory memory tasks, making it difficult to predict whether

everyday memories would be improved in the same way. Our results demonstrated that 25 min of exercise

improved the consolidation of learned information within a virtual reality immersive environment only when

the position of the learned targets was close to one another, but not when they were more distant. More-

over, exercise right before retrieval did not have a significant effect. These results suggest the existence of

specific time windows for exercise effectiveness (after encoding and not before retrieval). Previous studies

have demonstrated that a single bout of physical activity immediately after learning was also able to

improve the long-term retention of motor12 and emotional13 memories. Furthermore, van Dogen et al.14

have shown that a single bout of physical activity immediately after learning had no effect on picture-loca-

tion memory but did have an effect when it was given 4 h after learning. Therefore, the time window of ex-

ercise effectiveness could differ for the different types of memories studied.27 However, further studies are

needed to continue to understand in depth the role of exercise interventions on different types and phases

of memory. In addition, we observed that the distribution of performances for the chronic group differed

significantly from a uniform distribution, indicating an improvement in memory also for participants who

perform physical activity regularly. We can conclude that both acute and chronic exercise showed memory

benefits for spatial memory as measured by this virtual reality task. However, it is worth pointing out that the

benefits of physical activity in this study appeared to be more effective for the acute than for the chronic

group.

Some studies have found a positive effect of chronic physical activity on several spatial memory tasks in

both rodents and humans.28,29 In addition, those studies associated the improvements in cognition with

increased brain-derived neurotrophic factors (BDNF) levels in rodents’ brains28 or human serum.29 Howev-

er, studies evaluating the role of acute physical activity on long-term spatial memories are still lacking.

Here, we found that acute physical activity improved long-term retention of spatial memory only when

the separation between flags during encoding was 20� (short-distance condition). We thought of two

Figure 4. Effect of exercise on spatial memory retrieval

(A–C) Schematic representation of the encoding and testing phases. Performance was calculated as the distances to the

target (the position of the flag in the middle of the two encoded flags minus the position of the flag selected by each

participant in the TS) and is shown as the meanG SEM for control (CT, n = 10) and acute (AC, n = 10) groups. Both groups

performed the task in the short-distance condition in both: the delay of 0 h (B) and the delay of 24 h (C). The acute group

exercised before retrieval. The t-test did not reveal significant differences in either of the two delays p> 0.05.
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possible and opposing explanations for this result. It has been shown that humans combined information

from multiple landmarks to locate a target, especially when landmarks were separated by a short dis-

tance.30,31 Therefore, remembering and integrating shorter distances may become easier. In this sense,

the physical activity intervention could be improving the ability to integrate spatial information and mem-

ory consolidation of a simpler task. However, we cannot demonstrate this with our data because when

comparing normalized performance in both conditions, we found no significant differences between con-

trol groups. On the other hand, the short-distance condition may bemore difficult to integrate because the

positions of the flags are very similar and, therefore, we cannot differentiate one from the other. In this sce-

nario, physical activity could be enhancing the ability to ‘‘separate patterns’’ as demonstrated previously.32

It is possible that, in the future, neural data is useful to determine whether short- and long-distance targets

are processed in different ways.

There are numerous studies where differences were found between men and women in terms of spatial

strategies or cognition, both in real33 and virtual reality environments.34 However, in this work, we found

no differences between the sexes reported by the subjects. Although recent work supports our results,35

this result could also be because of the small sample size.

The task developed here allowed the participant to interact with and navigate through a virtual reality envi-

ronment. The participants could visualize the target in a spatial context and then be able to recall its po-

sition relative to the background, in amore naturalistic manner. In addition, we have recently demonstrated

that to correctly solve our pre-encoding task within the CAVE, the participants needed to use spatial stra-

tegies.20 The virtual reality device allowed the exact reproduction of the conditions between each partic-

ipant, without depending on the exploration of environmental or climatological factors. Previous studies

have shown that spatial information can be reliably transferred between real and virtual reality environ-

ments when the virtual reality environment was modeled from the real35; and, that, in some cases, the brain

areas involved in both scans are analogous.36–38 It is worth noting that there is also some evidence in the

reverse direction. For example, it has been shown that rodents’ place cells play a different role in the real

and virtual worlds.39 Therefore, developing tasks that allow evaluating different cognitive abilities in virtual

environments provide valuable tools that allow greater precision when navigating spatial contexts.

Altogether, our findings provide evidence for the efficacy of exercise interventions as a valuable tool for

increasing declarative memory consolidation in humans, specifically when the encoding phase presents

spatially close locations. The low cost, healthy and practical nature of exercise makes it ideal for interven-

tions in educational and clinical settings. We believe, our results could inspire future applications of exer-

cise to boost long-term episodic memory in various populations.

Limitations of the study

The present study has a few limitations. First, we did not collect neurophysiological correlates with associate

the behavioral results with exercise-induced neuroplastic changes nor collect physiological data related to

the physical intervention itself. However, we standardized the exercise intervention simulating the situation

a person might encounter at home when using a stationary bike, and still found improvements in memory.

Second, we did not assess the effect of the physical intervention on short-term memory to differentiate it

from an effect specifically on memory consolidation. Third, we did not measure regular caffeine consump-

tion to assess possible withdrawal effects. Four, the sample size of themain experiment was small. However,

wewere able to replicate themain result with an adequate sample size. Fifth, we had fewer women thanmen

and, therefore, results comparing performance between genders have no sufficient statistical power. Last,

because participants used a joystick control tomove around in the CAVE, they lacked vestibular and propri-

oceptive cues and this may have affected the sense of presence in the virtual environment.40
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Fabricio Ballarini (fballarini@itba.edu.ar).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d All original code has been deposited at Open Science Foundation and is publicly available as of the date

of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants

Ninety-eight healthy young adults (30 women) participated in this study. Of the total number of partici-

pants, 19 were athletes (5 women), recruited from the athletic group of the Universidad del Centro de la

Provincia deBuenos Aires who reported performing physical activity at least three times a week. The re-

maining 79 participants belonged to the sedentary group, who declared not to have done physical exercise

over the last year. The mean measured body mass index (BMI) of the sample was (24.78 G 4.92) kg/m2 (no

differences were found among groups). All participants had normal or corrected-to-normal vision and

normal color vision. The inclusion criteria required that all participants were between 18 and 35 years

old (24.00 G 4.44), did not consume psychotropic drugs, were native Spanish speakers, and did not report

neurological or neuropsychiatric diseases. All subjects were required to refrain from consumption of

caffeine during the encoding and testing day. For more information on subjects’ demographics, see

Table S1.

The estimated sample size for the main experiment (ANOVA) to detect a size effect f = 0.3 and power = 0.8

was 37 per group. The estimated sample size for the replication experiment (t-test) to detect a size effect

d = 1.1 and power = 0.8 was 11 per group.

This study was reviewed and approved by the Ethical Committee Instituto deTisioneumonologı́a ‘‘Prof.

Dr. Raúl Vaccarezza’’. Written informed consent to participate in this study was provided by the

participants.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Task Code This paper https://doi.org/10.17605/OSF.IO/JBFPN

Software and algorithms

JASP JASP https://jasp-stats.org/

Matlab Mathworks www.mathworks.com/products/matlab.html

Prism GraphPad https://www.graphpad.com/

scientific-software/prism/
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METHOD DETAILS

Behavioral spatial memory task

We designed a spatial memory task within a virtual reality environment (Computer Assisted Virtual Environ-

ment - CAVE-). The protocol consisted of three stages: pre-encoding, encoding, and testing.

During the pre-encoding (pre-EN, Figure 1A) phase,20 the participant was located in the center of the arena

with a background consisting of a fairly uniform landscape with some valleys and mountains. At first, a flag

appeared in one of the 360 possible random positions within an imaginary circumference of 20 m radius.

The subject walked through the virtual arena with the joystick, picked up the flag, and then returned to

the mark in the center. Once he/she arrived, a total of 360 flags appeared in a circumference and the sub-

ject was asked to select the exact flag position that was previously collected, using a cursor. Immediately

after, the placemark changed its position and the participant walked to the new starting point. At that

moment, the second trial began with the appearance of a new flag, and the procedure was repeated.

The number of trials per participant was variable. Trials were finalized after i) the participant selected

the correct distal flag three consecutive times or ii) the procedure was repeated ten times, whichever

came first. For each trial, we calculated the distance between the selected and target flags with our soft-

ware solution.

During the encoding (EN, Figure 1A) phase, the participant was located once again in the center of the

arena and a new flag of a different color appeared. The subject picked it up and returned to the starting

point. Immediately after, a second - identical - flag appeared in a new position separated from the previous

flag position by an angle of a = 20� (short-distance condition) or a = 40� (long-distance condition) within the

same circumference. This phase was finalized once the participant collected it and returned to the

initial mark.

During the testing (TS, Figure 1A) phase, 360 flags appeared, on the same circumference, and participants

had to select the flag positioned exactly in the middle of the two flags collected in the encoding phase.

The protocol performed by the participants started with the pre-EN phase, during which the participant got

used to the virtual reality environment and generated a spatial map of the arena. Following this, all partic-

ipants performed an EN with a spacing angle between flags of 60� and were asked to select the flag that

had appeared on the right-handed side (control test). The goal of this test was to assess the accuracy of

solving the task before starting the relevant tests. Afterward, participants were randomly assigned to

one of the following conditions: 20� separation between flags (short-distance condition) and 40� separation
between flags (long-distance condition). All subsequent encoding phases were performed at the same

angle. Following the control test, participants carried out the first encoding (EN1), and immediately after

it, the first test TS1 (delay 0 h). After completing TS1, they watched a video (to avoid any interference be-

tween trials) for half an hour and began the second encoding (EN2). Once finished EN2, sedentary partic-

ipants were randomly assigned to the control or acute group while the athletes formed the chronic group.

Therefore, the control group was made up of sedentary people who watched a video about bicycle races

for 25 minutes (similar to previous studies13,41). The acute group was also made up of sedentary people

who, instead of watching a video, cycled for 25 minutes. Finally, the chronic group was made up of athletes

who had reported performing physical activity at least three times a week and watched the same video as

the control group. Afterward, the first day ended and participants returned 24 hours later to perform the

second test (TS2) corresponding to the learning of the previous day (delay 24 h). Lastly, they carried out

the last encoding and test (EN3 and TS3, respectively) to assess the specificity of the physical intervention.

Before leaving the laboratory, participants filled in a short version of the International Physical Activity

Questionnaire (IPAQ), which was used as a measure of self-reported physical activity. Participants were

asked to report the amount of walking, and the number of times they had performed moderate and

vigorous activities over the previous seven days.

With an independent group of sedentary subjects, we replicated the main experiment. To do this, subjects

were randomly assigned either to the control or acute group and performed the same protocol as in the

main experiment only by using the short-distance condition.

With an independent group of sedentary subjects, we evaluated the effect of the physical activity interven-

tion on the retrieval of this memory only by using the short-distance condition. To do this, the subjects
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performed the same protocol but instead of separating the experimental groups after EN2, they watched

the video on bicycle races (control) or cycled (acute) just before TS2 (Figure 4A).

Computer-assisted virtual environment - CAVE

As a virtual reality device, we used a CAVE. CAVE is a room-sized cube in which the walls and floor are pro-

jection screens generating the feeling of immersion for the user.42 Four to six projectors are used to display

virtual reality environments on the walls and floor. Each of the projectors is connected to a dedicated PC

responsible for generating the image. In the CAVE, the subject can move, giving the feeling of total immer-

sion26 and creating the illusion of having completely unlimited space.

We used the Rubika CAVE, which was developed bymembers of the PLADEMA Institute (Argentina). It con-

sists of a three-meter cube-shaped steel structure. Its inner walls are covered with special fabrics to allow

the rear projection. The projectors used to display the images onto the walls have a 1280x800 resolution,

while the one projecting the floor image has a 1980x1080 resolution. Furthermore, four PCs hosted the ap-

plications in charge of managing each projection including the effects of the user’s actions.

A joystick allows users to move inside the CAVE and interact in different ways within the application. The

participant can move forward, backward, or sideways and can also rotate in the spot using the joystick.

Physical activity

A 25 min cycling task served as the acute exercise intervention carried out on a stationary bike. It started

with a 5 min warm-up at the first resistance provided by the bike, after which the resistance augmented

at the second level. Participants were asked to maintain the speed constant between 15 - 17 km/h, which-

ever was most comfortable for them.

QUANTIFICATION AND STATISTICAL ANALYSIS

Details of statistical analysis are provided within the relevant figure legends and the results section. Data

are presented as the distance to the target (�) calculated with our software solution as the absolute value of

the position of the central flag (in themiddle of the two learned flags) minus the position of the flag selected

by the participant. The results were presented as the meanG SEM. When the data did not follow a normal

distribution, it was transformed using the natural logarithmic function and then analyzed using the one-way

or two-way analysis of variance (ANOVA). In cases of significant differences, post hoc analyses were made

with the Tukey test when in one or both factors, the p-value was significant. In the replication experiment,

we analyzed the results using a t-test. A result was considered significant when p< 0.05.

The data of the performance distributions were compared with 1000 uniform distributions randomly gener-

ated using a Kolmogorov-Smirnov test and then we averaged the p-value obtained in all iterations. All data

were analyzed using GraphPad, Matlab, and JASP software.
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