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Highlights

- Performing aerobic exercise four hours after learning improved associative memory
- Exercise at this time also increased hippocampal pattern similarity during retrieval

- Exercise performed immediately after learning had no effect on memory retention
- Exercise could have potential as a memory intervention in educational settings

eTOC blurb

Van Dongen and colleagues show that acute aerobic exercise performed four hours, but not directly,
after learning improves long-term memory in humans. Such exercise was also associated with higher
consistency in hippocampal activation during memory recall. These findings suggest that correctly timed
exercise holds promise as a memory intervention.



Summary

Persistent long-term memory depends on successful stabilization and integration of new memories after
initial encoding [1, 2]. This process of consolidation is thought to require several neuromodulatory
factors such as dopamine, noradrenaline and brain-derived neurotrophic factor [3-7]. Without the
release of such factors around the time of encoding, memories will decay rapidly [3, 5, 6, 8]. Recent
studies have shown that physical exercise acutely stimulates the release of several consolidation-
promoting factors in humans [9-14], raising the question whether physical exercise can be used to
improve memory retention [15-17]. Here, we used a single session of physical exercise after learning to
exogenously boost memory consolidation and thus long-term memory. Three groups of randomly-
assigned participants first encoded a set of picture-location associations. Afterwards, one group
performed exercise immediately, one four hours later, and the third did not perform any exercise.
Participants otherwise underwent exactly the same procedures to control for potential experimental
confounds. Forty-eight hours later, participants returned for a cued recall test in a magnetic resonance
scanner. With this design we could investigate the impact of acute exercise on memory consolidation
and retrieval-related neural processing. We found that performing exercise four hours but not
immediately after encoding improved the retention of picture-location associations compared to the no-
exercise control group. Moreover, performing exercise after a delay was associated with increased
hippocampal pattern similarity for correct responses during delayed retrieval. Our results suggest that
appropriately timed physical exercise can improve long-term memory and highlight the potential of
exercise as an intervention in educational and clinical settings.



Results

72 participants were randomly assigned to one of three age- and gender-matched groups; all learned 90
picture-location associations over a period of approximately 40 minutes (Figure 1; for visualization of
the experimental trials, see Figure S1; for sample demographics, see Table S1). In each group, half the
participants started at 9AM and half at 12PM to control for time-of-day effects. Following a baseline
cued recall test (Test 1), participants in the Immediate Exercise group (IE) performed a 35 minute
interval training on an ergometer at an intensity of up to 80% of their maximum heart rate (See
Supplemental Experimental Procedures and Figure S2). IE participants subsequently moved to a
separate quiet environment for a 3-hour delay period, where they watched nature documentaries,
before returning to the exercise lab for a control session. This control session did not involve exercise
but used the same context otherwise. For the Delayed Exercise group (DE), the protocol was identical,
but with the order of the exercise and control session reversed; for the No Exercise group (NE), both
sessions before and after the delay period were control sessions. Participants returned to the lab 48 hrs
after initial encoding and performed a second cued recall test (Test 2) in the MR scanner. With this
design, we could investigate whether post-learning physical exercise affected memory retention, if its
effects were time-dependent, and whether our intervention influenced the neural substrate of memory
retrieval as measured using fMRI.

Response to exercise

Our exercise intervention was successful in raising our participants’ heart rates and subjective ratings of
exercise intensity, in line with the intended schedule (see Supplemental Experimental Procedures,
Figure S2 and Figure S3), indicating that participants experienced the expected physiological
consequences of the interval training.

Behavioral performance

Memory performance on Test 1 was well above chance level for all experimental groups (one-sample T-
test versus chance level (16.67%); percentage of correct responses * standard error of the mean (SEM):
MUne=79.1£3.8%, Wie=79.3+2.7%, Mpe=85.2+2.4%; tne=16.56, 1=23.00, tpe=28.46; all p<0.001, see also
Figure S4), indicating that all groups successfully learned a substantial number of picture-location
associations. Performance at Test 1 was not significantly different between groups (Fcroup=1.48,
Peroup=0.236) nor dependent on starting time or gender (Frime=0.235, prime=0.630; Fcender=1.74,
Pcender=0.192).

To find out if exercise influenced the consolidation of picture-location associations, and thus the
retention of information learned on Day 1, we used memory retention as our primary memory measure.
This measure was defined as Test 2 performance divided by Test 1 performance, and thus corrected for
baseline performance differences between participants. Memory retention was significantly different
between groups (une=0.800, Wwe=0.795, Wpe=0.866; Foroup=4.83, Peroup=0.011, see Figure 2). Post-hoc pair-
wise comparisons showed that retention in the DE group was higher than in the IE and NE groups, with
no difference between the latter two groups (DE-IE: prukeynsp=0.031; DE-NE: prukeynsp=0.045; IE-NE:
Prukeyisp=0.986). Raw performance scores for Test 1 and Test 2 can be found in Figure S4 and Table S1.



In addition, memory retention was higher in female than male participants (mean * SEM:
Mremale=0.8410.015, tmale=0.7820.021, Fgender=6.32, Peender=0.019) but this effect did not interact with the
observed retention difference between groups (Feroupxgender=0.639, Paroupxgender=0.531). Similarly, no main
effect of participants’ starting time nor interaction between group and starting time was observed
(Frime=3.21; prime=0.078; Faroupxtime=2.31, Peroupxtime=0.108). Memory retention was not correlated with

participants’ weekly exercise duration or frequency (Pearson’s rduration= 0.057, pduration= 0.636;

Pearson’s rfrequency= 0031, pfrequency=0.799, see also Table SZ)

To investigate if exercise additionally modulated retrieval time and/or subjective measures of memory
strength, we also analyzed the reaction times and confidence ratings during recall. Both reaction times
and confidence ratings during Test 1 and Test 2 were not significantly different between groups (all
p>0.05, for the raw values see Table S1). Across the sample, confidence was higher for correct versus
incorrect responses at both Test 1 and Test 2 (Paired Samples T-tests, Test 1: correct=4.41,
Mincorrect=2.20, tresti=22.95, Prest1<0.001; Test 2: Meorrect=4.18, Wincorrect=2.24, trest2=26.14, Prest2<0.001).
Similarly, reaction times were shorter for correct than incorrect responses (Paired Samples T-tests, Test
1 Meorrect=2134mMS, HMincorrect=2711ms, t 1es1=8.15, P 1est1<0.001; Test 2: correct=2646ms,
Hincorrect=3012MS, trest2=6.23, P 71est2<0.001). Reaction times could not be directly compared between
Test 1 and Test 2 since the MR scanner environment of Test 2 was substantially different from Test 1’s
experimental lab setting. However, confidence levels for correct responses were lower at Test 2 versus
Test 1 (Paired Samples T-tests, Mresticorrect=4.41, Utest2correct=4.18, 1=7.85, p<0.001).

Together these results suggest that performing physical exercise four hours after encoding promoted
the retention of associative memory, without differentially affecting participants’ reaction times or
confidence levels.

Functional neuroimaging results

Using functional imaging, we found that BOLD activation was increased in a wide range of brain regions
during correct recall relative to a fixation baseline (see Figure 3A). Moreover, our analyses showed a
significant difference in BOLD activation during correct and incorrect responses in bilateral hippocampus,
the striatum, and prefrontal, occipital and parietal areas (see Figure 3B and Table S3). However, we
observed no significant effect of experimental group for either contrast (for analytic details, see
Supplemental Experimental Procedures).

Based on previous research demonstrating the relevance of consistent neural processing (i.e. pattern
similarity) for memory retention, and its reported utility in investigating differences in neural
representations between experimental conditions and groups, we then conducted a hippocampal
pattern similarity analysis [18-22]. We speculated that exercise-related physiological effects (e.g.
dopamine and/or noradrenaline) could have neuromodulatory effects and thus alter the neural
representations of recently encoded memories [23, 24]. In this way, exercise might produce differences
in the neural response patterns observed during recall instead of differences in regional BOLD amplitude.



Using regions of interest in left and right hippocampus (Supplemental Experimental Procedures), we
found that hippocampal pattern similarity was significantly different between groups during correct
trials (Figure 4). A three-way Repeated Measures ANOVA with the factors Group, Correctness and
Hemisphere (left/right) indicated a main effect of Group and Correctness, and a significant
GroupxCorrectness interaction (Feroup=5.35, Paroup=0.007; Fcorrect=3.97, Pcorrect=0.050; Faroupxcorrect=5.43,
Paroupxcorrect=0.007, all other effects and interactions p>0.05). Post-hoc pair-wise comparisons indicated
that hippocampal pattern similarity during correct (vs. incorrect) trials was higher for the DE group than
both IE and NE groups and not different between IE and NE participants (DE-IE: psisak=0.012; DE-
NE:psigak=0.003; IE-NE: psisak=0.967). Pattern analyses in other brain regions showed that significant
group differences were limited to the hippocampus only (Figure S5). Pearson’s correlations between
hippocampal pattern similarity and memory retention showed that across the sample, higher
hippocampal pattern similarity was weakly but significantly associated with better memory retention
(Pearson’s r=0.287; p=0.015).

Discussion

Together, these results indicate that performing physical exercise after learning can improve the
retention of associative memories, and modulates the consistency of hippocampal activation patterns
during retrieval.

Considering that the exercise intervention took place after learning, delayed exercise most likely
affected memory retention through an impact on memory consolidation. As such, it seems likely that
one or more of the physiological consequences of aerobic exercise facilitated consolidation. Although
we did not measure this directly in our study, previous research suggests that exercise triggers the
release of BDNF, plasticity-related products (PRPs), noradrenaline and dopamine, amongst other
substances that promote neural plasticity. Such factors are critical for the consolidation of synaptic
potentiation, as proposed in the Synaptic Tagging and Capture (STC) hypothesis [3, 8] and are also
important for later stages of memory consolidation [25, 26]. One possibility is that the release of PRPs at
a time where naturally lower levels of PRPs would be available (i.e. several hours after learning) could
have mediated the facilitation of memory retention in our study. Alternatively, exercise-dependent
release of dopamine and noradrenaline could have facilitated consolidation similar to previously
described effects of novelty and arousal [4, 5, 7, 14, 24, 27, 28].

We found no evidence for any effect of physical exercise immediately after learning, suggesting that the
physiological response to exercise did not benefit memory consolidation at this stage. This finding is not
predicted by consolidation theories such as the STC hypothesis. One explanation for this result could be
that the neural context at this time was already optimal following initial learning and recall, and could
not be further improved through an additional influx of consolidation-promoting factors. Indeed, the
good performance in all three groups at Test 1 suggests that the study procedure itself enabled high
levels of recall initially. Alternatively, the time course of synaptic consolidation might be different in
humans compared to animals. Our experimental design does not allow us to directly investigate these
explanations, however, so they should be considered as speculative until supported by other studies.
And even though our results do not seem to directly support the simplest STC prediction, the lack of



current knowledge about the time course and mechanisms of STC in humans warrants caution in
interpreting our findings this way.

We used a declarative memory task. However, previous studies using procedural tasks have provided
evidence that in those settings the close proximity of exercise maximizes its effects on memory [29-
31](for an exception, see [32]). For this reason, it seems that the effect of exercise on memory is not
only modulated by timing, but also by the type of memory investigated. Several studies using declarative
tasks have also shown effects of exercise conducted immediately after acquisition, suggesting that
experimental parameters such as task, type of learning, type of stimulus material and subject population
could be important for the net effect of exercise on memory retention [12, 14, 33, 34]. It remains a
challenge for future research to determine the specific parameters that modulate the impact of exercise
on memory.

Univariate analyses of BOLD fMRI activity during Test 2 showed no effects of exercise. Although
contrasts between correct and incorrect responses did provide evidence that brain regions associated
with memory recall were recruited during our task, they did not distinguish between experimental
groups. This finding suggests that cued recall after delayed exercise does not involve different brain
circuits compared to no or immediate exercise. Moreover, delayed exercise was apparently not related
to an overall modulation of BOLD signal amplitude in the correct versus incorrect responses contrast.
Instead, our pattern similarity analysis points to delayed exercise might having caused a qualitative
change in the activation patterns associated with correct recall of the picture-location associations.

As far as we know, between-group differences in hippocampal pattern similarity during retrieval in
regards to acute exercise have not been reported previously. They could represent differential efficiency
or coherence during memory retrieval and might relate to differences in memory strength [19]. The
effect of exercise on pattern similarity could alternatively be interpreted as an increase in the signal to
noise ratio, which is intriguing considering the neuromodulatory roles of dopamine and noradrenalin
and their known association with exercise [9, 10, 13, 23, 24]. Interestingly, although pattern similarity
was, across our sample, higher for correct compared to incorrect responses in hippocampus, striatum
and medial prefrontal cortex, it was specifically increased for the DE group in hippocampus only. This
finding could imply that the hippocampus is particularly sensitive to the acute effects of exercise, and
thus important in mediating its cognitive benefits. The correlation between hippocampal pattern
similarity and memory retention seems in line with this prediction, but more research is needed to
substantiate this claim.

The results of the current study should be seen in the context of some limitations. First, we did not
measure any peripheral or central measures of BDNF, dopamine, noradrenalin or other factors released
during aerobic exercise, and thus cannot conclude with certainty that such factors mediated the
behavioral and neural effects of our exercise intervention. Future studies should ideally include such
measures or specific experimental manipulations to gain more insight into the molecular mechanisms of
exercise-related memory improvement.



Second, based on the current data, we cannot yet determine the exact time window in which delayed
exercise is effective in promoting memory retention. Future studies should include experimental groups
that perform exercise at time points beyond 4 hours after learning to better delineate the critical time
period for these effects.

Third, it is not possible to determine whether the observed effects of exercise require sleep and/or
prolonged consolidation, or could already have been observed during or shortly after exercise. Future
research should further investigate to what degree sleep and time contribute to the mnemonic effects
of acute aerobic exercise. Related to this, it is not yet clear how exercise affects memory retention
beyond 48 hours after learning. Follow-up research should include longer retention periods to see
whether or not positive effects of delayed exercise persist beyond 2 days.

Finally, we would like to stress that much is yet unknown about the molecular mechanisms of
consolidation in humans. Not only is the timing of early consolidation processes as yet poorly
understood, we do not know whether the molecular factors critical in animal models play similar roles in
humans. In addition, by necessity, human studies generally use correlational analyses and peripheral
measures of the physiological effects of exercise when investigating the mnemonic impact of exercise. It
remains unclear how serum levels of e.g. BDNF, dopamine and noradrenaline relate to local changes in
consolidation factors in the neural circuits important for long-term memory. As such, our speculations
on possible mechanistic explanations of our findings should be interpreted with caution.

Regardless of these limitations, our results provide initial evidence that properly timed physical exercise
can alter mnemonic processes at delayed retrieval and improve memory retention over a period of at
least 48 hours. This finding is in line with previous studies reporting beneficial effects of physical exercise
(for a review, see[15]) and highlights its potential as a memory intervention in humans. The economic,
healthy and practical nature of exercise makes it ideal for interventions in educational and clinical
settings. Our experiment thus serves as a proof of principle study that could inspire future applications
of exercise to boost long-term memory in various populations.
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Figure Legends

Figure 1. Experimental design. IE=Immediate Exercise group. DE=Delayed Exercise group. NE=No
Exercise group. Participants first learned 90 picture-location associations and completed a baseline
memory test (Test 1) before undergoing two control sessions (NE), or a control and a exercise session (IE
and DE) separated by a 3hr delay period. 48hrs about initial learning, a delayed memory test (Test 2)
was administered in the magnetic resonance scanner. See also Figure S1 for a visualization of the
experimental trials and S2 for the exercise protocol and measures of heart rate, exercise load and
ratings of exercise intensity.

Figure 2. Memory retention (Test 2 / Test 1 performance). Error bars denote standard errors of the
mean. Asterisks denote significant differences at prukeynsp<0.05. See also Figure S3 for raw performance
scores.

Figure 3. BOLD activation during Test 2. A. BOLD Contrast between correct trials and null events.

B. BOLD Contrast between correct trials and incorrect trials. Results from these group analyses include
the full sample of participants. Activation shown on the SPM8 MNI template at pyoxe<0.001 and
Peiuster<0.05(Family-Wise Error corrected). MNI coordinates are given for the relevant axis. See also
Table S3 for statistics.

Figure 4. Hippocampal pattern similarity during Test 2. Thresholds are based on the 95th percentile of
the computed distribution of random permutations; similarity above this threshold is higher than
expected by chance (given a pchance Of 0.05). Error bars denote standard errors of the mean. L= Left, R=
Right. See also Figure S4 for pattern similarity in other ROls.

12



Supplemental Experimental Procedures
Participants

72 healthy participants (mean age =+ standard deviation: 21.93£2.5 years, range 18-28; 48 females) were included in
this study and performed all procedures and tests. Participants were recruited through a local university database; all
participants were students from tertiary educational institutes. To be considered for participation, participants had to
be healthy, between 18-28 years old, perform physical exercise regularly (1-5 times a week) and have a Body Mass
Index (BMI) between 18.5 and 25 kg/m2 (mean BMI + standard deviation: 21.7+1.7 kg/m2, range 18.6-25.0; no
significant BMI differences between groups; see Table S1). For this reason, participants were medically screened
before inclusion. This screening included blood pressure, heart rate and BMI measures as well as the recording of a
resting electrocardiogram (ECG) for participants in both exercise groups. Additionally, a sports-medical interview
was conducted detailing each participant’s medical history and current physical activity. Exercise habits (weekly
exercise frequency and duration) did not differ between groups (see Table S1). This finding would suggest that
fitness levels were not significantly different between groups, but we did not explicitly measure these using e.g. a
VO, max test. Exclusion criteria were usage of medication (except paracetamol and oral contraceptives), inability to
perform bicycle exercise, recent illness (in the two weeks before the experiment), hypertension (systolic blood
pressure >140 mmHg or diastolic blood pressure >90 mmHg), any current or past cardiovascular abnormality or any
abnormality found on the ECG during screening, any current or past neurological disorder, diagnosed diabetes
mellitus, diagnosed hypercholesterolemia, smoking or having quit smoking less than 2 years ago, and any family
history of death before the age of 50 due to a cardiovascular disorder. Participants that were magnetic resonance
imaging (MRI) incompatible were excluded as well. In total, 95 participants were initially considered for
participation. Of those, 10 were excluded during the screening process for not meeting the health or sport criteria
listed in the methods section. After passing the screening, 7 participants could not be scheduled for various reasons
(recent or current illness, limited availability, etc.), leaving a total of 78 participants that were admitted to the testing
phase of the experiment. For 4 participants, MRI data could not be acquired due to technical problems with the MR
scanner. | participant withdrew from the study at the onset of scanning due to claustrophobia, and 1 participant
withdrew from the study due to illness (unrelated to performing exercise). In the end, 72 participants successfully
completed all tests and procedures. No participants were excluded due to head motion. The study was approved by
the local ethics committee (CMO Region Arnhem-Nijmegen, the Netherlands). All study procedures were in
accordance with national legislation for the protection of human volunteers in non-clinical research settings and the
Helsinki Declaration [S1]. Written informed consent was obtained before participation. Participants received 76
Euros reimbursement after full participation.

Procedures

After screening and inclusion, participants were randomly assigned to one of three experimental groups: the No
Exercise group (NE), the Immediate Exercise group (IE), or the Delayed Exercise group (DE). The obvious nature
of the exercise intervention made blinding impossible (for both experimenter and participant). Since the analyses
were conducted by the same individuals who acquired the data, this also meant that analysts were not blind to group
membership. The proportion of males and females was not significantly different between experimental groups (NE:
17/24 female, IE: 15/24 female, DE: 16/24 female; Pearson Chi-Square Test: x*=0.375, p=0.829). Age also did not
differ between groups (One-way ANOVA, Fag=1.415, p=0.25). Because circadian influences on memory have been
observed previously [S2, S3], the three experimental groups were further subdivided into a morning (AM, starting at
9AM) and an afternoon (PM, starting at 12PM) group to check for time of day effects. We did not find any evidence
that time-of-day had direct effects on memory performance or interacted with the observed effects of exercise, as
mentioned in the Results section. The experiment took place on two separate days. On the first day of the
experiment, participants performed an associative memory task (an extensive description of the task procedures can
be found below). Participants’ memory performance was tested immediately after learning, providing a baseline
performance score (7est 7). Participants subsequently underwent the first of two experimental sessions, which was
an exercise session for the IE group and a control session for the DE and NE groups (details on both experimental
sessions can be found below). After this session, participants were moved to a relaxing living room-like
environment to watch nature documentaries (Life, BBC, 2005; Planet Earth, BBC, 2006; Earthflight, John Downer
Productions Ltd, 2011; Human Planet, BBC, 2011) for three hours (the delay period). The second experimental
session was performed approximately 4 hours after learning, and consisted of an exercise session for the DE groups
and a control session for the IE and NE groups. The memory task (both learning as well as Test 1) and the two



experimental sessions were always performed in the same room. On the second experimental day, 48+1 hours after
learning, participants performed the second memory test (7est 2). Test 2 was performed in a magnetic resonance
scanner while functional magnetic resonance imaging (fMRI) data was recorded. A structural scan was obtained
afterwards and was used during fMRI preprocessing for normalization purposes. Participants were instructed to
refrain from doing sports between leaving the lab on Day 1 until their return to the lab on Day 2.

Memory task

Participants intentionally studied 90 picture-location associations in two rounds of passive memory encoding
separated by one round of active memory retrieval behind a PC. Picture stimuli consisted of 90 color pictures of
round real-life objects (balls, plates, bowls, etc.). All pictures were identical in size. Each of the 90 pictures was
associated with one of six different locations. Locations were arranged in a circle on a black background (see Figure
1) and were equidistant from the centre of the computer screen. During memory encoding, participants observed
passively as pictures were shown one by one and moved to their correct locations on the computer screen. Each
picture was first shown in the centre of the screen for 1000 ms. Subsequently, its correct location was highlighted for
1000 ms before the picture was moved to this location in 1000 ms. The picture would then be displayed at its correct
location for 2000 ms. The trial concluded with a 1000 ms inter-trial interval (ITI), during which only a white
fixation cross was shown. During memory retrieval, participants practiced recalling the picture-location associations.
Participants were cued by the presentation of the picture in the centre of the screen and subsequently used a joystick
(Logitech Attack 2, Logitech, Lausanne, Switzerland) to move to and select the location they believed to be correct.
Selection was confirmed with a pull on the joystick trigger. There was no time limit during retrieval; trials
terminated when the participant had selected one of the locations. Trials were separated by an ITI of 3000 ms. No
immediate feedback was given; however, participants were shown the total number of objects placed correctly at the
end of the retrieval phase. Trial presentation order was randomized for all task phases and for each participant
separately.

Directly after study, the first cued-recall memory test (Test /) was conducted, which served as a baseline test for
memory performance. During Test 1, participants were cued with the picture and subsequently had to place it on its
correct location using the joystick. Participants had 5000 ms per trial to make their response. If no response was
given by the participant within 5000 ms, the trial was scored as a no response trial. After choosing a location, and a
1000 ms interstimulus interval (ISI), participants indicated their confidence in their choice on a color scale (1-5, with
1=unsure and 5=very sure), for which there was no time limit. Trials were separated by an ITI of 2000 ms. A second
test (Test 2) was administered 48 hours after study and was performed inside the MR scanner. Test 2 was mostly
identical to Test 1, but used a variable ITI (jittered between 3000-7000 ms on each trial) and also included 15 null
events. Null events were trials in which the recollection procedure (cued recall plus confidence rating) was replaced
with a white fixation cross for 10000 ms. These events were randomly introduced in the test and served as an
explicit baseline for recall-related events (i.e. they allowed for a BOLD fMRI contrast between task and no task
conditions).

Experimental sessions

Participants underwent two experimental sessions. IE and DE participants experienced both an exercise session and
a control session; NE participants took part in two control sessions. Both sessions took place in the same room and
lasted 35 minutes. The exercise session consisted of a single, sub-maximal interval training on a stationary bicycle
ergometer (Optibike 50 med, ergoline GmbH, Bitz, Germany). The characteristics of our exercise session were
based on findings from [S4, S5] and advice given by colleagues from the Radboudumc Physiology Department
(Maria Hopman, personal communication). Load was continuously adjusted to the participants’ heart rate. During
the training, exercise intensity went up to 80% of the participants’ maximum heart rate; the intensity graph of the
full training protocol can be seen in Figure S2. Briefly, the training started with a 5 minute warm-up period during
which the exercise load was gradually increased until the participants reached 80% of their maximum heart rate.
This heart rate was maintained during the subsequent high intensity interval for 4 minutes (through adjustment of the
exercise load if necessary). A 3 minute low intensity interval followed during which load was reduced and
participants’ heart rate slowly decreased naturally. This high-low intensity interval sequence was performed four
times in total. Each high intensity interval after the first started with a ramp-up period during which the load was
substantially increased to reach 80% of the participants’ maximum heart rate within 1 minute. The training
concluded with a 5 minute cooldown period during which the exercise load was gradually reduced. The age-adjusted
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maximum heart rate was calculated for each participant using Tanaka’s formula [S6]. While exercising, participants
were shown a nature documentary (Planet Earth, BBC, 2006); two particular documentaries from this series were
chosen and displayed in a counterbalanced manner between participants for control and exercise sessions. During
the control session, participants did not perform exercise but instead relaxed and watched the nature documentary
from a desk chair. During both exercise and control sessions, heart rate was continuously recorded with a wireless
chest band (ergoline GmbH, Bitz, Germany) using a recording frequency of 0.08 Hz. During the exercise session,
load was continuously recorded at 0.08 Hz by the ergometer. During both sessions, subjective intensity scores were
repeatedly probed (indicated by “B” in Figure S1) with the Borg’s Rating of Perceived Exertion (Borg-RPE) scale
[S7]. These subjective ratings of exercise intensity used a scale of 0 to 10, with 10 being the highest level of
intensity ever experienced or imaginable. During both exercise and control sessions, participants were instructed to
watch the movies and report their subjective intensity ratings when prompted by the experimenter.

Behavioral analyses

Behavioral analyses were performed using SPSS 21 (IBM Corporation, Armonk, USA). Comparisons between the
experimental groups regarding memory performance, reaction times and confidence ratings were made using
univariate linear models that include Group (IE/DE/NE), Gender (male/female) and Starting time (AM/PM) as fixed
factors. Post-hoc pair-wise analyses of significant effects were conducted using Tukey Honest Significant
Difference tests to control for multiple comparisons.

Comparisons between subjective intensity ratings for the exercise and control sessions were made using Repeated
Measures general linear models that included a factor Group (IE/DE/NE) and a within-subjects factor Time
(timepoint B1-B4). For the control session, post-hoc pair-wise tests were run using Sidak corrections to control for
multiple comparisons. Heart rate and load during the exercise session were compared between IE and DE at each
sampling point (n=175) using Independent Samples T-tests at a threshold of p=0.001 (uncorrected for multiple
comparisons).

MR Data acquisition

MRI data were acquired using a 3.0 T Siemens Skyra (Siemens Medical, Erlangen, Germany) with a multi-echo
sequence and a 32 channel head coil system at the Donders Institute, Centre for Cognitive Neuroimaging in
Nijmegen, the Netherlands. A 2D Echo Planar Imaging (EPI) multi-echo sequence was used with the following
imaging parameters: 31 ascending slices, voxel size = 3.5 x 3.5 x 3 mm, repetition time (TR) = 2390 ms, flip angle a
=90°, echo time (TE) = 9.4/20.6/32/43/54 ms, number of echoes = 5. A 3D magnetization-prepared rapid gradient
echo (MPRAGE) anatomical T1-weighted image was also acquired with the following parameters: 192 slices, 1.0
mm isotropic voxel size, TR = 2300 ms, TE = 3.0 ms, flip angle o = 8°. Total scanning time was approximately 45
minutes.

fMRI data preprocessing

Preprocessing of fMRI images was done using SPMS8 (fil.ion.ucl.ac.uk/spm/software/spm8) and included multi-echo
combination, slice-timing correction, co-registration, segmentation, normalisation and smoothing using default SPM
parameters. Multi-echo combination was done using in-house developed software and included realignment with
SPM. Slice-timing correction was performed using the middle slice as reference. Realigned, slice-time corrected EPI
images were coregistered to participant anatomical T1 images. Normalisation was performed by first normalizing
individual T1 structural images to the SPM8 T1 template and subsequently applying the resulting transformations to
the realigned, coregistered EPI images. Smoothing was then done using an isotropic Gaussian kernel with a full-
width at half-maximum (FWHM) of 8 mm [S8, S9]. Segmentation of participant T1 anatomical images into grey
matter, white matter (WM) and cerebrospinal fluid (CSF) segments was used as a basis for nuisance regression;
mean signal intensity from WM and CSF compartments was calculated from each functional image using in-house
procedures and subsequently used to create two nuisance regressors that were included at the first level analysis for
every participant [S10].



First and second level analysis

After preprocessing, a contrast image reflecting task-related brain activity (i.e. Blood Oxygenation Level Dependent
(BOLD) signal differences between correct trials and null events) was estimated for each participant with the
general linear model (GLM). In addition, a contrast image reflecting correct memory retrieval (i.e. BOLD signal
differences between correct and incorrect trials) was estimated. The GLM used an event-related design matrix in
which types of events were estimated in individual regressors. Separate regressors modeled the onsets of correct
responses, incorrect responses, missed responses (when no response was given within 5 seconds), confidence ratings,
ITIs and null events during the task. Of these events, confidence ratings and ITIs were modeled as stick-functions
with a duration of 0. Missed responses were assigned a duration of 5 seconds, and null responses a duration of 10
seconds. Correct and incorrect responses were modeled with a duration as long as their corresponding reaction times,
i.e. the time between the stimulus onset and the participant’s response. The BOLD impulse response was modeled
using the canonical hemodynamic response (HRF) in SPM and also included time derivatives for each regressor.
Additionally, the realignment parameters derived from the realignment preprocessing step and their first derivatives
were included to partially correct for the participant’s movement during scanning. Finally, the two compartment
signals were added as additional nuisance regressors to correct for residual movement and artifacts. The first-level
contrast images were subsequently entered into second level group analyses using full-factorial models that included
the factors Group (IE, DE and NE) and Condition (Correct vs Incorrect and Correct vs Null, respectively).
Differences between experimental groups were calculated using F-contrasts and family wise error (FWE) corrected
at the voxel level at p<0.05. In the absence of differences between experimental groups, effects of correct recall
(Correct>Incorrect) and task-related activity (Correct>Baseline) were then estimated across the full sample of
participants using T-contrasts and corrected for multiple comparisons at the cluster level at FWE p<0.05 after initial
correction at the voxel level at p<0.001 (uncorrected).

Representational Similarity Analysis

Representational similarity analysis (RSA) [S11] was used to determine neural pattern similarity (PS) within types
of trials (i.e. conditions, in this case correct and incorrect responses), and was performed on unsmoothed data within
the native-space of each participant. Single-trial estimates of the BOLD response were obtained by modeling each
recall trial as a separate regressor in a single design matrix that included also the realignment parameters and their
first derivatives. From this design matrix, 90 t-maps were calculated per participant (individually divided between a
number of incorrect and correct t-maps based on Test 2 performance). RSA was initially performed on regions-of-
interest (ROIs) in the hippocampus, comprising of two ROIs centered on the local maximum of activation in the left
and right hippocampus in the 2™ level contrast between correct > incorrect responses (obtained at the pyoxe=0.001,
Pelusterrwe=0.05 threshold). A 10 mm sphere was centered on these peak voxels. To constrain the ROIs to the
anatomical hippocampus, the left and right hippocampal segments from the Automated Anatomical Labeling (AAL)
atlas were back-transformed into each participant’s native space and the overlap between the resulting mask and the
10mm spheres was used to delimit the two hippocampal ROIs. To compare the hippocampal results with results
from other ROIs, we afterwards also created control ROIs from local activation maxima in the bilateral striatum, the
bilateral inferior parietal cortex and the medial prefrontal cortex. These local maxima were also obtained from the
correct > incorrect contrast, at the same threshold, and the extent of the resulting ROIs was again limited by 10mm
spheres. The signal from voxels within each ROI was extracted and used to create a pattern vector. This extraction
provided a trial x voxel matrix, in which the individual trials were sorted according to correctness (correct versus
incorrect responses). Values were converted into z-scores to correct for differences in mean activation between trials
and single-trial PS values were then calculated by correlating each trial with all other trials (Pearson’s ). Single-trial
PS values were subsequently transformed into Fisher’s z values, and mean PS scores for each condition (correct x
correct, incorrect x incorrect) were calculated by collapsing across the respective segments of the data matrix.
Differences between mean PS scores were tested using non-parametric permutation tests. Specifically, trial labels
were shuffled randomly across 10000 permutations. Then, mean PS scores for each randomly permuted condition
were calculated as described previously. Participant-specific permuted PS scores were consequently averaged across
the entire participant sample. The resulting null-distribution was thresholded at the 95% percentile (thus accepting a
type I error of 5%) to determine the cutoff for ‘significant’ similarity above chance-level for each ROI separately. A
single outlier was detected; one participant in the IEG displayed PS values greater than the mean IEG value plus
three times the standard deviation for striatal and hippocampal ROIs during correct responses. This person was
excluded from the pattern analyses; however, including this person does not significantly change the results. Pattern

4



similarity was compared between groups using Repeated Measure analyses that included the factors Group
(IE/DE/NE), Correctness (Correct versus Incorrect responses) and Hemisphere (Left versus Right, included for all
ROIs but the uniquely medial prefrontal cortex ROI). Significant effects and interactions were further explored
using pairwise post-hoc comparisons that controlled for multiple comparisons using Sidak corrections.

Actigraphy

Between experimental day 1 and experimental day 2, participants’ physical activity was recorded continuously using
actigraphy (ActiGraph GT3X, ActiGraph, Pensacola, USA). Total sleeping time (TST) could consequently be
estimated for each participant from this data using proprietary Actigraph analysis software (ActiLife, ActiGraph,
Pensacola, USA), and was calculated using the Cole-Kripke algorithm [S12]. We found no significant differences
between experimental groups for the TST during the first, second or combined nights, and none of the TST
measures correlated with memory retention, either across the sample or within the IE, DE or NE separately (all
p>0.05). It therefore appears that the effects reported in this article are not related to the TST of our participants
during the experiment. Average activity, defined as the mean activity count per 5 minute epoch in the period
between experimental day 1 and experimental day 2 did not differ between experimental groups (= SD =635.1 +
202.7; ppe=692.1 + 252.7; une=760.3 £ 200.3; One Way ANOVA: F= 1.880, p=0.161).
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Figure S1. Example trials for the different phases of the picture-location associative memory task.
Related to Figure 1.
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A. Mean heart rate. Graphs show target heart rate according to protocol, actual heart rate during exercise (for IE/DE)

and actual heart rate during control sessions (for all groups).

B. Exercise load during exercise session. M=male, F=female. AM=morning group, PM=afternoon group.
Black bars denote significant differences between groups (at p<0.001, uncorrected for multiple comparisons).



A. Subjective intensity ratings during exercise session B. Subjective intensity ratings during control session
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Figure S3. Subjective intensity ratings
Related to Figure 1.
A. Subjective intensity ratings during the exercise session. A Repeated Measures General Linear Model including the factors “Group” and “Time”
(i.e., measurement B1-B4) indicated that the IE group rated the exercise intensity significantly lower than the DE group throughout the exercise session
(Foroup=9-96, Py, =0-003; Fy =0.148, p. =0.931; F | rime=0-268, Pgyounrime=0-848). However, absolute measures of intensity (heart rate, exercise load) were
not significantly different between groups nor were subjective intensity ratings correlated with memory retention (all p>0.05; Pearson correlations were
neither significant across the sample, nor when investigating the three experimental groups separately). One possible reason for the observed difference
could be that DE participants experienced a greater change in activity when performing exercise, coming from the relatively passive delay period.
Alternatively, DE participants might show a time-on-task effect, having spent already many hours in the lab before exercising, versus the IE group, whose
participants exercised relatively early on in the experimental procedures.

B. Subjective intensity ratings during the control session. There was a significant interaction between Group and Time during the control session
(Fgroup=11-80, Pg,,,<0.001; Fr  =1.730, py;, . =0.166; F 1 rime=2-318, Py ouprime=0-035). Post-hoc pairwise tests using Sidak corrections for multiple comparisons
showed that the NE group rated the intensity higher than the IE group at all timepoints (p,,<0.001; p,,<0.001; p,,<0.001; p,,<0.001) but only higher

than the DE group at timepoint B3 and B4 (p,,=0.100; p,,=0.505; p,,=0.041; p,,=0.017). These group differences might be due to a bias in the exercise groups:
IE and DE participants might have rated the intensity of the control session lower due to their experience or anticipation of a more intense exercise

session. NE group participants did not perform any exercise and thus could not show such effects.

NE1/2: control session 1/2 for the no exercise group.
B1-B4 represent the 4 subjective intensity measurements as indicated in Figure S3A; Asterisks denote significant differences.
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Related to Figure 2.

Performance is displayed as the percentage of correctly recalled picture-location associations.
Error bars denote the standard error of the mean.
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Figure S5. Pattern similarity in other brain regions. Repeated measures ANOVAs with the factors Group, Correctness and Hemisphere (for striatum and parietal ROIs) showed a main effect of Correctness for striatal
(Feore=2- 141 Piyre=0-019) and MPFC (F_ _ =9.92, p_ =0.002) but not parietal (F. _=0.017, p_..=0.898) ROlIs. No significant group or hemispheric differences or any two-way or three-way interactions were observed.
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