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Due to increasing life expectancy, low-cost interventions to counteract age-related
memory impairment have gained popularity. Physical activity has been shown to
positively affect memory and hippocampal plasticity in rodents and humans. These
effects have been proposed to be mediated by the release of neurotrophic factors.
However, studies examining the effects of a single cardiovascular exercise session
on human memory have yielded conflicting results. Moreover, it remains unclear
whether exercise-induced memory enhancements are related to changes in peripheral
neurotrophic factor concentrations. The present study tested whether one bout of
cardiovascular exercise during an early phase of memory consolidation, compared
to one bout of stretching and toning, positively affected memory. Furthermore, it
was analyzed whether exercise-induced changes in the brain-derived neurotrophic
factor (BDNF) and vascular endothelial growth factor (VEGF) were related to memory
enhancement after a single bout of physical exercise. Fifty healthy participants
(20–40 years) were randomly assigned to either a cycling group (BIKE) or a stretching
and toning group (STRETCH). Participants performed an implicit vocabulary learning
task which was immediately followed by physical exercise. Memory for the learned
vocabulary was tested 1–2 weeks later. To measure exercise-induced changes in
serum neurotrophic factor levels, blood samples were collected at rest (baseline) and
immediately after the exercise session. Results did not show a significant difference
in memory between the BIKE group and the STRETCH group. However, in the BIKE
group, a larger increase in BDNF and VEGF levels was observed than in the STRETCH
group. Moreover, the increase in BDNF and memory performance tended to be positively
related in the BIKE group. We speculate that the correlation between exercise-increased
BDNF levels and memory in the cycling group may indicate an involvement of BDNF in
mediating memory processes after acute cardiovascular exercise.
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INTRODUCTION

Life expectancy has been increasing over the past decades (United
Nations, 2013). As a result, a growing number of individuals
are subject to age-related cognitive decline (Prince et al., 2015).
Executive functions, processing speed, and memory are typically
mostly affected (Hedden and Gabrieli, 2004). Pathological
progression of memory impairments resulting in, for example,
Alzheimer’s disease, have been reported to be one of the greatest
worries of the population about living beyond the age of 75
(Anderson andMcConnell, 2007). Thus, there is growing interest
in interventions that potentially counteract age-related memory
decline.

Regular cardiovascular exercise has been reported to
positively influence memory and to induce structural and
functional changes in brain regions associated with memory,
e.g., the hippocampus. Several weeks or months of regular
cardiovascular training were shown to increase performance in
a face-name matching task (Griffin et al., 2011), visuospatial
short-term memory (Stroth et al., 2009), and immediate and
delayed memory for wordlists (Chapman et al., 2013). The
increase in cardiovascular fitness after physical exercise training
has been found to correlate positively with improvements in
episodic memory (Hötting et al., 2012). Moreover, increased
hippocampus volume (Erickson et al., 2011; Niemann et al.,
2014; Thomas A. G. et al., 2016) and increased hippocampal
cerebral blood volume (Pereira et al., 2007) have been reported
after a period of regular cardiovascular training. However,
evidence in humans concerning the effects of long-term
aerobic exercise on memory and associated brain structures
in the medial temporal lobe is contradictory. Some studies
reported positive effects of an exercise intervention on memory
(Stroth et al., 2009; Griffin et al., 2011), while others failed
to find a difference in memory between an aerobic exercise
group and a control group (Gourgouvelis et al., 2018). In a
meta-analysis, Roig et al. (2013) concluded that the positive
effects of regular cardiovascular training on long-term memory
were not reliably found. Participants’ age, training intensity,
training duration, and the type of memory tested have been
discussed to in part account for the differing results. A better
understanding of possible mediators underlying the effects of
cardiovascular exercise on memory may resolve some of the
observed inconsistencies and shed light on why some training
studies yield more consistent exercise-induced memory effects
than others.

Similar to chronic cardiovascular exercise, results for single
bouts of exercise on memory functions are inconsistent. On the
one hand, a single bout of cardiovascular exercise has been shown
to positively affect memory (Roig et al., 2013; Bosch et al., 2017b;
Dal Maso et al., 2018). On the other hand, other researchers did
not find an acute effect of exercise on memory (Hopkins et al.,
2012; Basso et al., 2015), or reported enhancements of specific
aspects of memory (Coles and Tomporowski, 2008; Suwabe
et al., 2017). Inconsistencies in results from human studies are
potentially caused by variations in the type of memory tested,
exercise intensity, as well as the timing of the exercise session in
relation to memory encoding (Roig et al., 2013).

To date, only a few studies have tested the effects of
cardiovascular exercise on memory after encoding, i.e., during
memory consolidation, and their results have been inconclusive.
Beneficial outcomes have been reported for procedural memory
when retention was measured 24 h (Roig et al., 2012; Dal Maso
et al., 2018) or several days after encoding (Roig et al., 2012;
McNerney and Radvansky, 2015). Additionally, an EEG study
revealed that better skill retention after exercising was associated
with greater beta-band event-related desynchronization in
sensorimotor areas, indicating that exercise may improve motor
memory by modulating neuronal processing in motor cortices
in the early stages of memory consolidation (Dal Maso et al.,
2018). However, the effects of cardiovascular exercise after
encoding on declarative memory are more equivocal. In one
study, participants performed an aerobic exercise session either
before or after exposure to a word list which they were instructed
to memorize. Memory was tested 60 min and 24 h after
learning (Labban and Etnier, 2018). At neither time point did
the results indicate a beneficial effect of exercising compared
to a no-exercising condition during the consolidation phase. In
another study, 6 min of either cycling or relaxing after encoding
of emotional images resulted in better memory performance
in the cycling group when assessed 60 min after exercise, and
thus suggested a beneficial effect of cardiovascular exercise on
memory consolidation (Segal et al., 2012). Other researchers
compared the effects of 30 min of cycling at low or high intensity
to the effects of relaxing after vocabulary learning (Hötting et al.,
2016). Cycling after encoding did not enhance the absolute
number of recalled words tested 60 min and 24 h after learning.
However, participants who exercised at high intensity showed
less forgetting between the 60-min and 24-h measurements than
participants in the relaxation group. These findings suggested
a benefit of cardiovascular exercise directly after encoding on
memory consolidation. van Dongen et al. (2016) demonstrated
that cycling with a 4-h delay after encoding revealed better
performance in a hippocampus-dependent picture-location
association task, compared to a group cycling directly after
encoding, and a no-exercise control group. In the same study,
fMRI data revealed that participants who cycled 4 h after learning
showed more distinctive hippocampal representations for the
learned associations during retrieval, compared to participants
of the other two groups. Furthermore, higher hippocampal
pattern similarity correlated with better memory retention
across participants. These data suggested that cardiovascular
exercise might enhance later stages of memory consolidation
more than early phases. In summary, current data on the
effects of cardiovascular exercise after encoding on memory
performance are ambiguous. Most studies reporting beneficial
effects of a single bout of exercise on memory consolidation
used sensorimotor tasks. Studies assessing declarative memory
are rare and their findings are inconsistent.

Cardiovascular exercise has been proposed to affect memory
by increasing levels of neurochemical substances, such as
hormones, neurotransmitters, and neurotrophic factors known
to be involved in the formation of memories on the neuronal
level (Basso and Suzuki, 2017). It has been suggested that early
stages of memory consolidation, when the memory trace has
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most likely not yet reached a stable state, may be particularly
susceptible to external influences, such as exercise (Nader and
Hardt, 2009). Accordingly, research in both rodents and humans
has shown that early memory traces can be altered by stress,
physical activity, and pharmacological treatments (McGaugh,
1966; Siette et al., 2014; Vogel et al., 2016).

One of the neurochemical pathways postulated to mediate
the effects of cardiovascular exercise on memory involves the
exercise-induced alteration of neurotrophic factor levels, such as
brain-derived neurotrophic factor (BDNF), vascular endothelial
growth factor (VEGF), and insulin-like growth factor 1 (IGF-1;
Cotman et al., 2007). In rodents, BDNF, VEGF, and IGF-1 have
been shown to be elevated after wheel running (Cetinkaya et al.,
2013; Uysal et al., 2015). Moreover, they have been shown to be
involved in processes underlying memory formation (Cotman
et al., 2007; Voss et al., 2013). BDNF, for instance, is involved
in the morphological changes of dendritic spines, long-term
potentiation (LTP), and increases neurogenesis by promoting
cell survival and proliferation (Bekinschtein et al., 2014; Miranda
et al., 2019). LTP is one of the primary mechanisms of synaptic
plasticity underlying memory and learning processes. As a key
regulator of LTP, BDNF has become a particularly prominent
target of research (Miranda et al., 2019). VEGF has been
proposed to modulate memory by being involved in angiogenesis
and neurogenesis (Fabel et al., 2003; Greenberg and Jin, 2005).
IGF-1 is thought to have a neuroprotective function, to play
a role in neurogenesis, angiogenesis, synaptic plasticity, and
to interact with VEGF to enhance neurogenesis after exercise
(Cotman et al., 2007; Fernandez and Torres-Alemán, 2012).
Inhibiting BDNF and VEGF action in rodents has been shown
to prevent running-induced memory benefits (Vaynman et al.,
2004) and neurogenesis (Fabel et al., 2003), respectively. While
blocking of IGF-1 activity did not alter the positive effect of
exercise on learning, it prevented exercise-induced memory
benefits when tested 2 days after learning (Ding et al., 2006). In
addition, exercise-induced increases in BDNF, VEGF, and IGF-1
have been shown to correlate with improved spatial learning
and memory (Cetinkaya et al., 2013; Uysal et al., 2015). Thus,
the results of rodent research suggested that BDNF, VEGF,
and IGF-1 mediate the beneficial effects of physical activity on
neuroplasticity and memory.

In contrast to rodents, neurotrophic factors cannot be
measured directly in the living human brain. Measures are
usually taken from blood serum or plasma. In some studies,
BDNF, VEGF, and IGF-1 have been shown to cross the blood-
brain barrier, indicating a transferability from peripheral to
central levels (Pan et al., 1998; Nishijima et al., 2010; Rich
et al., 2017; but see Lanz et al., 2012). In humans, a single
bout of moderate to intense aerobic exercise has been shown
to transiently increase BDNF levels (Ferris et al., 2007; Winter
et al., 2007; Hötting et al., 2016; Tsai et al., 2018). In contrast,
the evidence for changes in VEGF and IGF-1 levels after
cardiovascular exercise in humans is limited in number, and
results are equivocal (Griffin et al., 2011; Skriver et al., 2014).
Only a few studies reported increases in VEGF and IGF-1
after acute exercise (Kraemer et al., 2004; Kraus et al., 2004;
Skriver et al., 2014; Tsai et al., 2018). Associations between the

change in neurotrophic factor levels and memory, which might
indicate an involvement of neurotrophic factors in memory
processes, have not reliably been shown in human studies. Some
researchers have demonstrated that increased BDNF levels after
exercising correlate with vocabulary learning (Winter et al., 2007)
and motor memory (Skriver et al., 2014), while others did not
find a relationship with performance in episodic memory tasks
(Schmidt-Kassow et al., 2014; Etnier et al., 2016). So far, human
studies have failed to find correlations between acute increases in
VEGF and IGF-1 after exercising and memory measures (Skriver
et al., 2014; Tsai et al., 2018). Hence, a relationship between
changes in neurotrophic factors and exercise-induced memory
improvements in humans has not been reliably demonstrated to
date.

The goal of the present study was to test whether one
bout of cardiovascular exercise after encoding had beneficial
effects on hippocampus-dependent memory compared to a
non-cardiovascular exercise bout after the same memory task.
Moreover, we examined whether memory effects were related to
exercise-induced changes in neurotrophic factor levels. Young
participants were randomized to either a cycling (BIKE) or a
stretching and toning training (STRETCH). Immediately after
the encoding of an artificial vocabulary, that is during an early
stage of memory consolidation, participants engaged in a single
bout of physical exercise. Memory was assessed 1–2 weeks
after the initial vocabulary acquisition. Blood samples were
taken at rest (baseline) and directly after an acute bout of
physical exercise to measure serum levels of BDNF and VEGF.
We hypothesized that cardiovascular exercise after encoding
would result in enhanced memory for the encoded vocabulary
compared to stretching and toning. Moreover, it was assumed
that cardiovascular exercise, compared to stretching and toning,
increased BDNF and VEGF levels. Exercise-induced increases
in both neurotrophic factor levels were thought to positively
correlate with memory performance.

MATERIALS AND METHODS

Participants
Participants of this study took part in a larger randomized
training study that spanned 10 weeks of treatment with repeated
learning sessions followed by physical exercise. A priori sample
size calculation was based on the planned analyses of the larger
study project. Here we focus on the acute effects of a single
exercise session on learning and memory. Results on the chronic
effects of 10 weeks of training will be reported elsewhere.

Eighty-two volunteers were recruited from the city of
Hamburg (Germany) using flyers, public advertisements, and
the online recruiting platform for psychological experiments at
the University of Hamburg. Inclusion criteria comprised age
of 18–40 years, an inactive lifestyle (on average ≤4 exercise
sessions/month during the last 5 years), normal or corrected-to-
normal vision, and normal hearing abilities. Exclusion criteria
were chronic heart diseases, respiratory diseases, metabolic
diseases, musculoskeletal disease, arthropathies, acute infections,
chronic or acute neurological or psychiatric diseases, or
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treatment for neurological or psychiatric diseases in the past
3 years, regular alcohol consumption (>3 times/week), or the
regular use of anti-inflammatory medication or medications
known to affect the body’s immune response. Details of inclusion
and exclusion of participants throughout the study are shown in
Figure 1. The final sample consisted of 50 adults (37 females; age
range = 20–40 years;M = 27.04, SD = 5.38).

Participants received monetary compensation for
participation in all training sessions of the larger project.
All procedures were carried out in accordance with the Helsinki
Declaration guidelines (World Medical Association, 2013). The
study was approved by the local ethical board of the Faculty
of Psychology and Movement Science at the University of
Hamburg. Written informed consent was obtained from all
participants.

Design
Data presented in the present article were collected in the first
4 weeks of the longitudinal randomized training study. The larger

training study took place over a period of 10 weeks and included
multiple training sessions, each consisting of a learning task
directly followed by physical exercise (Figure 2).

Before the first training session, each participant underwent
baseline assessments including a sports-medical examination,
a cardiorespiratory fitness test, and baseline blood sampling.
Moreover, participants took part in a cognitive assessment,
including measurement of verbal intelligence (Mehrfachwahl-
Wortschatz-Intelligenztest; MWT-B; Helmstaedter et al., 2001)
and filled in questionnaires on their physical activity (Freiburger
Fragebogen zur körperlichen Aktivität; FFKA; Frey et al., 1999)
and on depressive symptoms (Allgemeine Depressionsskala; ADS;
Meyer and Hautzinger, 2001).

After baseline assessments, participants were stratified based
on age (over and under 30 years) and then randomly assigned
to either a cardiovascular training group (BIKE) or a stretching
and toning group (STRETCH). While participants in the BIKE
group participated in indoor cycling training, participants
in the STRETCH group completed a light stretching and

FIGURE 1 | CONSORT flowchart of participants.
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FIGURE 2 | Graphical representation of the study design. This study addressed the effects of a single acute exercise session after learning on memory. Therefore,
only retention of the vocabulary learned in the first learning-exercise session (learning-exercise session 1) was analyzed, which was measured 1–2 weeks after the
initial acquisition (in learning-exercise sessions 4, 5, and 6).

toning training. Over a period of 10 consecutive weeks,
participants in both groups trained on average twice per
week, resulting in a total of 20 exercise sessions for each
participant. Eighteen of these training sessions were learning-
exercise sessions in which participants exercised immediately
following an implicit vocabulary learning task. During an initial
familiarization session, participants were instructed in the use
of the sports equipment and the training protocol. The present
study focused only on the acute effects of physical exercise
after learning in the first learning-exercise session. Therefore,
only recognition of items from learning-exercise session 1,
which was measured 1–2 weeks afterwards, were considered
(Figure 2). The study took place between March 2018 and
August 2019.

Sports-Medical Examination and
Cardiorespiratory Fitness Test
The sports-medical examination included a medical evaluation
of the participants’ eligibility for the cardiorespiratory fitness
test and participation in the physical exercise training. The
examination included documentation of the medical history,
a clinical examination, the recording of anthropometric
data, urine examination, pulmonary function test, resting
electrocardiogram (ECG), and a blood sampling (whole blood
count, small blood count, liver enzymes, kidney enzymes,
minerals, metabolic parameters, muscle enzymes, total protein,
baseline measurement of neurotrophic factors). In addition,
participants took part in a standardized stepwise incremental
cycle ergometer test (Ergoline ER 900, Monark Ergometric 839E,
Cosmed Ergoselect 4) to evaluate their peak oxygen uptake
volume (VO2peak) and individual aerobic-anaerobic threshold.
This test began with a warm-up period of 3 min at 50 watts,
after which the workload was continuously increased in 50 watt
steps every 3 min until subjects indicated complete exhaustion.
Lactate measurements and blood pressure measurements were
taken before, and every 3 min during the ergometry test as well
as 1, 3, and 5 min after its completion. Heart rate and spirometer
recordings were continuously measured.

WinLactat software (Mesics GmbH) was used to determine
the individual aerobic-anaerobic threshold using lactate
measurement, oxygen uptake, and anthropometric data.
VO2peak was taken as a measure of cardiorespiratory fitness.
For participants in the BIKE group, the target heart rate for the
training was defined as 85% of the heart rate at the individual
aerobic-anaerobic threshold, plus/minus five beats.

Implicit Vocabulary Learning Task
For the vocabulary learning task, we adapted the experimental
paradigm of Breitenstein and Knecht (2002). Participants
repeatedly heard pseudowords while they simultaneously saw
black-and-white images on a computer screen. Their task was
to decide intuitively whether the presented pseudoword-picture
pair was correct or incorrect. The ratio of correct to incorrect
pseudoword-picture pairs increased over time. In this way,
the more frequently shown pairs were learned to be correct
pairs. This paradigm has been shown to elicit activity in
the hippocampus (Breitenstein et al., 2005). In the study of
Breitenstein and Knecht (2002), a total of 50 pseudoword-picture
pairs were presented on five consecutive days. As the present
study was part of a larger project, the learning task followed the
same training principle as described by Breitenstein and Knecht
(2002), but used a larger stimulus set to cover more learning-
exercise sessions.

Stimuli and Material. Auditory stimuli were taken from a
pool of 239 disyllabic German pseudowords, spoken by a female
voice, and with a length of 600–1,000 ms (described in detail
in Röder et al., 2003). A pilot study was conducted in which
24 participants (19 female; age range = 19–43 years; mean
age = 23.8, SD = 5.16) rated these pseudowords in terms of their
association with real words and pleasantness. Participants heard
the pseudowords via over-ear headphones. It was their task to
type in the perceived pseudoword as well as any associations
with real words and to rate the pleasantness of the pseudoword
on a scale from 1 to 5 (1 = very pleasant, 5 = very unpleasant).
Pseudowords with scores at the extremes of these categories were
discarded. Audacityr recording and editing software version
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2.1.31 was used to either stretch or shorten the remaining
pseudowords to a length of 800 ms. After the first author verified
that length adjustments did not distort the sound, 150 disyllabic
pseudowords, each 800 ms in length with little to no associations
with real German words remained. Auditory stimuli were
presented with over-ear headphones (AKG k518dj/Sennheiser
HD65tv).

The Multilingual Picture (MultiPic) data bank of the Basque
Center on Cognition, Brain, and Language was used to obtain
the visual stimuli (BCBL; Duñabeitia et al., 2018). The data bank
contains 750 drawings of common concrete concepts, which
are standardized for visual complexity and name agreement
in different languages. One-hundred and fifty black and white
images were pre-selected by the first author. Thereafter, two
research assistants ensured that the visual stimuli were not
related to words that participants had associated with the
pseudowords in the pilot study. Visual stimuli were presented
with a size of 8 × 8 cm in the center of a computer screen. The
distance between participants and the screen was approximately
80 cm.

Procedure. The vocabulary learning task was programmed in
Matlab with Psychtoolbox (R2016b, Mathworks Inc.; MATLAB,
2016). At the beginning of each trial, participants were presented
with an auditory stimulus (pseudoword). After 200 ms, a
visual stimulus (black-and-white picture) was presented until a
response was made or the maximum response time of 1,200 ms
was exceeded. In case a participant did not respond within the
maximum response interval, the message ‘‘maximum response
time elapsed’’ appeared on the computer screen and the next
trial started. The intertrial interval (ITI) was set to 1,000 ms
(Figure 3).

Participants’ task was to decide intuitively whether the
presented pseudoword-picture pair was correct or incorrect.
Responses were given by either pressing the left or the right
button on a response device. Participants were instructed to
use any two fingers of their dominant hand and to keep them
constant across learning sessions. The assignment of correct
and incorrect to the left and right buttons was counterbalanced
across participants. Buttons were marked with the labels correct
and incorrect, respectively. Feedback was given at the end of a
learning session.

For each participant, a unique set of 150 correct pseudoword-
picture pairs was randomly created when initiating the implicit
vocabulary learning task for the first time (learning-exercise
session 1). Within the learning session, participants were
presented with 50 correct pseudoword-picture pairs. These
correct pairs were mixed with randomly created incorrect pairs.

The first learning session comprised two identical blocks,
with 100 correct and 100 incorrect pseudoword-picture pairs
each. The 100 correct pairs within a block were composed of
50 correct pairs shown twice. By contrast, the 100 incorrect
pairs consisted of 50 pseudowords presented twice but paired
with different pictures, thus, resulting in 100 unique incorrect
pairs. After a 5-min break, the block was repeated. The crucial

1Audacityr software is copyright © 1999-2020 Audacity Team. The name
Audacityr is a registered trademark of Dominic Mazzoni.

difference between correct pairs and incorrect pairs was that
exactly the same correct pairs were presented twice per block, but
each incorrect pair was only encountered once. This presentation
pattern led to a ratio of 2:1 for correct:incorrect pairs. The
knowledge of correct and incorrect pseudoword-picture pairs
was expected to build up from block 1 to block 2 (Figure 4B).
At the end of the session, participants were given feedback by
seeing the percentage of correct answers. This was calculated as
the average percentage of correct answers over the two blocks.

Due to the general structure of the learning paradigm across
18 sessions in the larger study project, sessions 1, 2, and 3 each
included a different set of 50 correct pseudoword-picture pairs,
resulting in a total of 150 correct pseudoword-picture pairs.
The 150 correct pairs were unique to each participant and
remained the same for each participant across all sessions. These
150 correct pairs presented in sessions 1, 2, and 3 were then
mixed with new incorrect pairs and randomly distributed across
sessions 4, 5, and 6. The incorrect pairs changed in each session.
This means that the 50 correct pairs in sessions 4, 5, and
6 were each composed of, on average, one-third of the correct
pairs learned in sessions 1, 2, and 3, respectively (Figure 4A).
Specifically, of the 50 correct pairs presented in session 1, on
average, 16 pairs (min = 11, max = 20) were presented in session
4, 17 pairs (min = 12, max = 23) in session 5, and 17 pairs
(min = 10, max = 23) in session 6. Across participants, session
4 took place on average 11.4 days (min = 6, max = 22), session
5 was on average 13.9 days (min = 10, max = 24), and session
6 was on average 16.9 days (min = 11, max = 25) after the first
learning session.

D-prime (d’) values were calculated as a measure of the
participants’ ability to distinguish between incorrect pairs and
correct pairs. Thereby, correctly identified correct pairs were
defined as hits; incorrect pairs falsely categorized as correct
were defined as false alarms. D’ was calculated by subtracting
the z-scores of the false alarm rate (= false alarms/number of
incorrect trials) from the z-score of the hit rate (= hits/number
of correct trials).

In this part of the project, the objective was to determine
how many of the correct pairs that had been shown in learning-
exercise session 1 were recognized as correct pairs during the
second presentation, i.e., in sessions 4, 5, and 6. Therefore,
responses to the 50 correct pairs that had been presented
in learning-exercise session 1 were extracted from learning-
exercise sessions 4, 5, and 6 for each participant (Figure 4A).
The hit rate for the extracted 50 correct pairs was used to
calculate recognition performance. False alarms were calculated
by averaging the false alarm rate of sessions 4, 5, and 6; separately
for blocks 1 and 2. Two measures of recognition performance
were analyzed: the memory score extracted from the first blocks
of sessions 4, 5, and 6 (d’ of block 1) and within-session learning
(d’ from block 1 to block 2) for the extracted words from sessions
4, 5, and 6.

Blood Sampling and Analysis of
Neurotrophic Factors
At baseline and in one learning-exercise session, 7.5 ml blood
was collected from the elbow vein. The baseline sample
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FIGURE 3 | Graphical representation of the time course of a single trial in the implicit vocabulary learning task. In each trial, participants were first presented with an
auditory stimulus (pseudoword); 200 ms after the onset of the auditory stimulus a visual stimulus (black-and-white picture) was presented until either participant
made a response or the maximal response time was reached. If participants did not respond within the response interval of 1,200 ms, the message “maximum
response time elapsed” was displayed on the screen. After 1,000 ms the next trial was initiated.

FIGURE 4 | Graphical representation of the distribution of correct pseudoword-picture pairs over learning-exercise sessions, extraction of recognition performance
and within-session learning. (A) Distribution of correct pseudoword-picture pairs across learning-exercise sessions. In learning-exercise sessions 1, participants
encountered 50 correct pseudoword-picture pairs, which were randomly distributed across sessions 4, 5, and 6 (indicated by green color). To measure recognition
of the vocabulary encoded in learning-exercise session 1, participants’ responses to the 50 correct pairs shown in session 1 were extracted from sessions 4, 5, and
6 (shown in green). Data of learning-exercise sessions 7–18 were not analyzed for the acute effects of exercise. (B) Within-session learning. A learning session was
divided into two blocks. Within a block, each of the 50 correct pairs was shown twice (indicated by blue color), resulting in 100 correct pairs. By contrast, the
100 incorrect pairs consisted of 50 pseudowords presented twice but paired with different pictures, thus, resulting in 100 unique incorrect pairs per block. Each of
the incorrect pairs was shown only once (indicated by yellow and orange color). This ratio of correct to incorrect pairs allowed learning within a session from block
1 to block 2. Stimuli were repeated in the second block, in the same order.

was taken during the sports-medical examination before the
cardiovascular fitness test, and two further samples were
collected in one of the first learning-exercise sessions (session
1, 2, 3, or 4), one sample directly before exercise and the
second sample directly after exercise. Thus, each participant
had two resting measurements, one at baseline and one directly
before exercising, as well as one post-exercise measurement.
In which of the learning-exercise sessions 1–4 the blood
samples were taken was dependent on the availability of a
qualified staff member. The number of participants assessed
in learning-exercise sessions 1, 2, 3, and 4, respectively,

did not differ between the BIKE and STRETCH group
(Table 1).

Baseline blood samples were centrifuged within 10 min
after collection. For technical and organizational reasons,
blood samples collected before exercise had to be stored at
room temperature until the sampling after exercise had been
performed. Therefore, the blood samples taken before exercise
had a longer average time interval between collection and
centrifugation, compared to the blood samples taken after
exercise. Neurotrophic factor levels measured in blood serum
could be influenced by clotting time with longer time intervals
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TABLE 1 | Frequency distribution of the learning-exercise sessions in which blood sampling was performed.

Learning-
exercise session

1

Learning-
exercise session

2

Learning-
exercise session

3

Learning-
exercise session

4

BIKE 2 10 13 1
STRETCH 4 9 11 0

TABLE 2 | Timing of blood sampling at baseline and after exercise as Mean and Standard Deviation in brackets.

BIKE STRETCH

Days between baseline and after exercise blood sampling
(in days)

18.9 (6.88) 18.6 (8.91)

Time of baseline sampling (in hours) 12:58 (2:55) 12:53 (3:09)
Time of sampling after exercise (in hours) 14:45 (4:41) 14:10 (4:54)
Absolute time difference (after exercise−baseline; in hours) 4:43 (3:12) 3:50 (3:12)
Relative time difference (after exercise−baseline; in hours)a −1:58 (5:25) −1:10 (4:55)

min = 7:30, max = −11:30 min = 7, max = −11

aNegative values: blood sampling at baseline was conducted earlier in the day than blood sampling after exercise.

between blood collection and centrifugation increasing serum
levels of BDNF and VEGF (Webb et al., 1998; Gejl et al.,
2019). Comparing serum levels of BDNF and VEGF at baseline
(during the medical examination) and immediately before
exercising in the learning-exercise session 1, 2, 3, and 4,
respectively, revealed a significantly larger mean level across
participants for samples collected before exercising compared
to baseline, although both were taken at rest. Post hoc, we
ran a control experiment in four additional participants and
varied the time intervals from blood sampling to centrifugation
(0, 1.0 h, 1.5 h, 2.0 h, 3.0 h), which showed an increase in
BDNF and VEGF levels during the 1st hour of clotting and
a plateau for longer clotting times. Therefore, to assess the
effect of acute exercise on neurotrophic factor levels, blood
samples after exercise in sessions 1, 2, 3, and 4, respectively,
were compared with the blood samples taken at baseline.
Samples taken immediately before exercising in sessions 1,
2, 3, and 4, respectively, were not considered for analyses.
On average, blood samples after exercise were taken 2 h
later in the day than the baseline samples. However, this was
the case in both groups, making it unlikely that circadian
influences could account for group differences in exercise-
induced changes in neurotrophic factors (Table 2). The blood
collection procedure was the same for both groups. Thus, any
group difference cannot be accounted for by how the blood
samples were taken.

All blood samples were centrifuged at room temperature for
10 min at 4,000 RPM. Three milliliters of isolated serum were
filled in cryotubes and directly stored at −24◦C until transported
to the Bernhard Nocht Institute for Tropical Medicine in
Hamburg (BNI) for storage at −80◦C on nitrogen for later
analysis of the serum concentration of BDNF and VEGF.
BDNF concentrations were assessed with an ELISA kit (Human
BDNF ELISA MAX Deluxe Set provided by BioLegend (Cat.No
446604, Lot 8276603). Quantification was performed with an
ELISA Reader (Photometer). For analysis of VEGF, BioLegend’s
LEGENDplex multiplex assay (Custom Human 9-plex Panel,

BioLegend, USA) was used. 3 µl of each serum sample
was diluted four-fold (1:4 dilution). Samples were placed on
96-well V-bottom Polypropylen plates provided by GreinerBio.
For quantification, the ACCURI C6 FlowCytometer (Becton
Dickenson) was used with a detection limit of 2.4 pg/ml.

The concentration of neurotrophic factors in pg/ml was
used as a dependent variable. Due to errors in the laboratory
analyses, data from one participant were missing for the baseline
measurement (BIKE) and data from two participants were
missing for both the baseline measurement and themeasurement
after exercise (one BIKE, one STRETCH).

Physical Exercise
Cardiovascular Exercise Training (BIKE)
Training sessions in the BIKE group included cardiovascular
training on a cycle ergometer (Taurus Indoor Bike IC50) using
video based indoor cycling instructions (CyberFitness GmbH2).
Across training sessions, different videos were shown in a fixed
order. These videos alternated between showing the instructor
on an indoor bike and a first-person perspective of a cyclist
riding through various landscapes. The videos included a short,
low-impact warm-up, after which participants exercised for
approximately 45–55 min at their target heart rate as determined
by the cardiorespiratory fitness test. Participants were equipped
with a fitness and activity tracker (Polar A300, Polar Electro
Oy, Finland) which continuously recorded their heart rate. They
were instructed to regularly check their heart rates on the
activity tracker. The training ended with a cool-down and brief
stretching.

Stretching and Toning (STRETCH)
In the STRETCH group, training sessions were instructed via
videos which were selected from an online fitness platform
(fitnessRAUM.de GmbH3). Training sessions included a wide
range of low-impact exercises. Among them were exercises

2https://www.cyberconcept.de/cybercycling/
3https://www.fitnessraum.de/
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to prevent back pain, instructions on how to sit and stand
properly, light gymnastics such as sit-ups or low-impact push-
ups, stretching, and relaxation exercises. Some videos invited
participants to use equipment, such as a resistance band or a
water bottle as a dumbbell. To match the training duration of
the BIKE group, each training session in the STRETCH group
contained several videos, which participants watched in a fixed
order. Heart rate was continuously monitored, but participants
were not asked to pay attention to their heart rate during the
training.

Statistical Analysis
Data were analyzed using the statistical software R (version 3.5.1,
R Core Team, 2018). Independent samples t-tests were used to
compare the BIKE and the STRETCH group at pre-assessment.
The lme4 package (Bates et al., 2015) was used to analyze
performance in the vocabulary learning task and neurotrophic
factor levels with linear mixed effect models (LMMs). Group
was inserted as a factor in all models, with the STRETCH group
serving as reference level. The fixed and random effects of each
model are described in detail below. If not stated otherwise,
all models included the covariates gender and age, which was
centered at the mean. The package parameters (Lüdecke et al.,
2020) were used for obtaining p-values and confidence intervals,
using Wald-test approximation. Post hoc tests were performed
with pairwise comparisons of estimated marginal means and
the package emmeans (Lenth, 2019). Corrections for multiple
comparisons were conducted following the Tukey method. The
significance level was set to p < 0.05 for all analyses.

Implicit Vocabulary Learning Task
Memory scores in the first block of the recognition sessions
(d’ of block 1) were compared between the groups using
an independent sample t-test. For analysis of within-session
learning, an LMM was set up with d’ values of the recognition
sessions as dependent variables. As fixed effects, the model
included the interactions and main effects of group and block
(block 1, block 2). Block 1 served as the reference of the factor
block. Random effects included individual intercepts for each
participant as well as individual slopes for the effect of the block.
This allowed participants an individual learning slope from block
1 to block 2. To account for different time intervals between
learning-exercise session 1 and learning-exercise sessions 4–6,
the mean time interval in days was inserted as a covariate. The
main parameter of interest in this model was the interaction
of group and block, to test whether groups differed in within-
session learning.

Neurotrophic Factors
A separate model was set up for each neurotrophic factor.
Neurotrophic factor levels were included as the dependent
variables. As fixed effects, models contained the interaction
and main effects of time (baseline, after exercise) and group.
Baseline served as the reference for the factor time. Random
effects included individual intercepts for each participant. The
main parameter of interest in this model was the interaction
between group and time. This term described whether there were
differences in the change of neurotrophic factors from baseline

measurement to after exercise measurement between the two
groups. Exclusion criteria for single data points were values more
than three standard deviations above themean. VEGF data of one
participant of the STRETCH group were removed as outliers.

Regression Analysis
Regression models were used to explore possible associations
between changes in neurotrophic factor levels from baseline to
after exercise and memory performance 1–2 weeks after learning
(described in ‘‘Implicit Vocabulary Learning Task’’ section).
Memory performance in the recognition sessions was indicated
by two measures: memory score in the first blocks (d’ of block
1) and within-session learning, calculated as the difference
in d’ from blocks 1 to blocks 2 (block 2− block 1). Changes
in BDNF and VEGF levels were calculated by subtracting the
levels measured at baseline from those after exercise (after
exercise− baseline). Change scores of neurotrophic factors were
z-standardized before they were entered in the respective model.
In total, four separate models were set up. In these models,
the memory score in block 1 and within-session learning was
predicted from the interaction of change in neurotrophic factor
level and group. All models included the following covariates:
age (centered at the mean), gender, the average number of days
between session 1 and recognition, and the time difference (time
of the day) between baseline and after exercise blood sampling.
Pearson’s partial correlations (adjusted for covariates) were
conducted to explore possible associations of memory with
changes in neurotrophic factors in the single groups. For the
change scores of BDNF and VEGF, participants were excluded
if the change was more than three standard deviations above the
mean. This was the case for VEGF of one participant in the BIKE
group.

RESULTS

The BIKE and STRETCH groups did not differ in age,
cardiorespiratory fitness (VO2peak), body mass index (BMI),
and depression score at baseline (Table 3).

In the first learning-exercise session, the BIKE
group trained with a significantly higher heart rate
(M = 143 beats/min, SD = 13.83) compared to the STRETCH
group (M = 92 beats/min, SD = 8.55); t(40.26) = 15.42, 95% CI:
[43.8, 57.0], p < 0.001.

Comparing d’ in block 1 and within-session learning in the
first learning-exercise session revealed no significant difference
between the BIKE and the STRETCH group (Table 3; no
significant group× block interaction (ß =−0.02, 95% CI [−0.21,
0.17], p = 0.838).

Implicit Vocabulary Learning Task
The comparison of d’ in block 1 of the recognition sessions
revealed no significant difference between the groups;
t(46.80) = −0.30, 95% CI [–0.25, 0.19], p = 0.762.

Analysis of d’ values from block 1 to block 2 revealed a
significant main effect of block (ß = 0.24, 95% CI [0.14, 0.34],
p< 0.001) but no significant group× block interaction (ß = 0.02,
95% CI [–0.12, 0.16], p = 0.774). Hence, participants of both
groups increased their performance from block 1 to block 2,
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TABLE 3 | Group characteristics at baseline as Mean with Standard Deviation in brackets.

BIKE STRETCH p-valuea [95% CI]

n 25 25
Male/Female 6/19 6/19
Age 27.4 (5.82) 26.7 (5.03) 0.679, [–3.73, 2.45]
Verbal intelligenceb 99.2 (10.10) 107.1 (12.55) 0.030, [0.82, 14.92]
VO2peak 33.7 (5.89) 34.3 (6.14) 0.732, [–2.84, 4.01]
BMI 24.2 (4.03) 23.5 (3.73) 0.523, [–2.92, 1.50]
Depression Score 12.9 (6.83) 12.4 (5.27) 0.747, [–4.03, 2.92]
D’ of Block 1 in the first learning-exercise session 0.11 (0.31) 0.19 (0.21) 0.225, [–0.24, 0.06]
Within-session learning in the first learning-exercise session (Block 2−Block 1) 0.15 (0.31) 0.17 (0.34) 0.834, [–0.20, 0.17]

Note. Bold print indicates significance at p < 0.05. a Independent t-test; bMeasured with the MWT-B. MWT-B data of seven participants who were non-native German speakers (4 BIKE
group, 3 STRETCH group) were excluded from the analysis.

but there was no difference in within-session learning between
the groups. In sum, when encountering the correct pseudoword-
picture pairs learned in session 1 a second time, there was no
difference in memory performance between the BIKE and the
STRETCH group (Figure 5).

Neurotrophic Factors
Analysis of BDNF levels from baseline to after exercise showed
a significant main effect of time (ß = 591, 95% CI, [154, 1,028],
standardized ß = 0.32, p = 0.008), and a significant interaction
of time × group (ß = 715, 95% CI [95, 1,336], standardized
ß = 0.34, p = 0.037). Post hoc tests indicated that both groups
had significantly higher BDNF levels after exercise compared to
baseline. However, this increase was significantly larger in the
BIKE (after exercise—baseline: ß = 1,307, 95% CI [853, 1,760],
p < 0.001) compared to the STRETCH group (ß = 591, 95% CI
[143, 1,039], p = 0.011).

Results for VEGF from baseline to after exercise yielded a
significant interaction of time × group (ß = 31.6, 95% CI,
[1.68, 61.49], standardized ß = 0.19, p = 0.038). Post hoc tests
indicated the BIKE group’s VEGF levels significantly increased

FIGURE 5 | Mean d‘ values for Block 1 and Block 2 of the recognition
sessions. For each participant, the data of the correct pairs encountered in
learning-exercise session 1 were extracted from learning-exercise sessions
4–6 and used to calculate d’ values. Means are depicted in blue for the BIKE
group and in green for the STRETCH group. Error bars depict 95%
confidence intervals. Data of single participants are depicted in gray.

after exercise (after exercise—baseline: ß = 49.5, 95% CI [28.0,
71.0], p < 0.001) while showing no significant change for the
STRETCH group (after exercise—baseline: ß = 17.8, 95% CI
[−4.0, 39.5], p = 0.107). Both the changes in BDNF and VEGF
level are depicted in Figure 6.

To test whether the time of day might have influenced the
effects, we ran additional models including the time of blood
sampling as covariate (as numeric from 0:00 h). Including the
time of blood sampling into the model did not change the pattern
of results and the group × time interaction of both models
remained significant (BDNF time × group: p = 0.027, VEGF
time × group: p = 0.037).

Associations of Changes in Neurotrophic
Factor Levels With Memory
We tested whether the exercise-induced increase in neurotrophic
factors correlated with the memory score in block 1 and with
within-session learning in the recognition sessions.

For the memory score in block 1, models revealed a marginal
significant interaction between the change in BDNF and group
(ß = 0.26, standardized ß = 0.44, 95% CI [–0.001, 0.512],
p = 0.051). Partial correlations, separately for each group,
indicated a marginal significant correlation between BDNF
increase and memory score in the first block for the BIKE
group (r(23) = 0.41, p = 0.082), but not in the STRETCH
group (r(24) = −0.21, p = 0.364). For within-session learning,
models indicated a significant interaction between the change
in BDNF and group (ß = 0.18, standardized ß = 0.46, 95% CI
[0.02, 0.33]; p = 0.035). Partial correlations revealed a marginally
significant positive association between the change in BDNF
and within-session learning in the BIKE group (r(23) = 0.40,
p = 0.086), but not in the STRETCH group (r(23) = −0.27,
p = 0.253). Partial correlations are depicted in Figure 7. We
tested whether these correlations may be confounded by possible
relationships between baseline BDNF and memory. Results
showed no significant correlation between baseline BDNF levels
and the memory score extracted from the first blocks of sessions
4, 5, and 6 (d’ of block 1; r(47) = −0.06, p = 0.725) and within-
session learning (d’ from block 1 to block 2) for the extracted
words from sessions 4, 5, and 6 (r(47) = −0.12, p = 0.429).

For both memory measures, there were no significant
interactions between group and change in VEGF levels from
baseline to after exercise (all p > 0.221). Collapsing data of both
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FIGURE 6 | Means of BDNF and VEGF levels at baseline and directly after one bout of exercise. Blood was collected at rest in the sports medical examination
(baseline) and directly after one bout of exercise in one of the first learning-exercise sessions 1–4. Means are depicted in blue for the BIKE group and in green for the
STRETCH group. Error bars depict 95% confidence intervals. Data of single participants are depicted in gray.

FIGURE 7 | Associations between memory score in Block 1 (left) and within-session learning (right) in the recognition sessions and the change in BDNF (top) and
VEGF (lower) levels from baseline to after exercise. Partial residual plots of the relationship between memory in the recognition sessions and the standardized change
in neurotrophic factor levels (BDNF, VEGF) from baseline to after a single bout of exercise (after exercise−baseline); r adjusted for age, gender, the average number
of days between learning-exercise session 1 and recognition, and the time difference between baseline and after exercise blood sampling. Regression lines are blue
for the BIKE group and green for the STRETCH group. Circles in the respective colors represent single participants. Gray shades indicate 95% confidence bands.

groups did not show an association between VEGF change and
memory measures (all p > 0.550).

DISCUSSION

The aim of this study was to test whether a single bout
of cardiovascular exercise carried out in the early stages of

memory consolidation improves memory as assessed with an
artificial vocabulary learning task. In addition, the effects of
physical exercise on serum levels of BDNF and VEGF were
determined in order to explore whether they mediate exercise-
induced memory changes. Results did not indicate a beneficial
effect of cycling on memory measured 1–2 weeks after initial
acquisition compared to stretching and toning. Analyses of
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serum neurotrophic factor levels revealed significantly larger
BDNF and VEGF increases after physical exercise in the cycling
group compared to the stretching and toning group. Exercise-
induced changes in BDNF levels tended to positively correlate
with memory measures in the BIKE group, but not in the
STRETCH group.

It has been hypothesized that physical exercise might enhance
memory, possibly through the acute exercise-induced release of
neuromodulatory factors, such as dopamine, norepinephrine,
cortisol, and BDNF, which are known to be involved in
memory consolidation (McGaugh, 2000; Siette et al., 2014; van
Dongen et al., 2016; Miranda et al., 2019). In the present
study, participants exercised immediately after encoding a new
vocabulary. Thus, encoding conditions were held constant across
groups, but the activity of the groups differed in the early
stages of memory consolidation. Yet, the results of the present
study did not provide evidence that cycling directly after
the encoding phase was beneficial for memory consolidation,
compared to stretching and toning. The timing of exercise
relative to memory encoding has been discussed as a crucial
factor modulating the benefits of acute exercise on memory
processes (Roig et al., 2016). A meta-analysis reported larger
effect sizes for memory improvements when exercise was
implemented before than after learning (Roig et al., 2013).
The larger effect sizes might be due to the combined effect of
exercise on encoding and consolidation processes because the
physiological adaptations induced by a bout of cardiovascular
exercise performed before encoding are likely to persist into the
early stages of memory consolidation. Roig et al. (2016) suggested
that a close temporal coupling of exercise with memory processes
is the key factor for memory improvements to occur. This is
supported by studies that systematically varied the timing of
exercise relative to a memory task. Results showed beneficial
effects of an acute bout of cardiovascular exercise on visuo-
motor memory regardless of whether exercise was performed
immediately before or after motor learning, but not when
exercise and learning were separated by 1 h longer time intervals
(Statton et al., 2015; Thomas et al., 2016a). van Dongen et al.
(2016) did not report beneficial effects of cardiovascular exercise
on memory for picture-location associations and hippocampal
pattern separation when exercise was performed immediately
after learning. However, exercise improved memory when
performed 4 h after learning, thus, in the late stages of memory
consolidation (van Dongen et al., 2016). The authors discussed
that levels of neurotrophins supporting synaptic plasticity might
be naturally lower several hours after learning and thus,
exercise upregulating the release of these factors might have a
larger impact on memory outcomes during late consolidation
stages. However, these explanations are still speculative and a
possible more pronounced effect of delayed exercise relative to
encoding on memory consolidation needs replication in further
studies.

Moreover, studies differed with regard to the memory tasks
used and thus, the addressed underlying neuronal networks. In
the present study, we assessed the retention of items encoded
in an implicit paired association task. fMRI data suggested that
successful learning in this task is associated with hippocampal

activity and increased functional coupling between the left
hippocampus and cortical association areas as the left fusiform
gyrus and the left inferior parietal lobe (Breitenstein et al., 2005).
Results of previous acute exercise studies assessing memory in
associative learning tasks have yielded inconsistent results with
some studies showing better memory for associations encoded
prior to exercise (van Dongen et al., 2016; Bosch et al., 2017a),
while others did not find better memory for associations learned
before exercise (McNerney and Radvansky, 2015; Hötting et al.,
2016). Findings seemed to be more consistent for motor learning
tasks. For instance, several studies reported positive effects of
a single cardiovascular exercise session after practicing visuo-
motor tracking tasks (Roig et al., 2012; Thomas et al., 2016b;
Dal Maso et al., 2018). Learning in visuo-motor tasks has been
shown to activate the basal ganglia, cerebellum, and motor
cortices (Doyon et al., 2009) and have been found to be spared
after hippocampal lesions (Corkin, 1968). Therefore, one could
speculate that in humans, the brain structures responsible for
motor learning are in particular sensitive to the beneficial
effects of acute cardiovascular exercise. Yet, this is contradictory
to results in rodents reporting very reliable exercise-induced
functional and structural changes in the hippocampus after
exercise (reviewed in Cotman et al., 2007; van Praag, 2008).
Moreover, fMRT results in humans showed task-dependent
modulations of hippocampal activity after acute exercise (Bosch
et al., 2020). Future studies contrasting hippocampus-dependent
learning tasks and hippocampus-independent learning tasks
in humans might shed light on the question of whether
there is a task-dependent effect of physical exercise in phases
of early memory consolidation (McNerney and Radvansky,
2015).

In addition, studies analyzing the effects of acute
cardiovascular exercise on memory differed in the intensity
of the physical exercise and the fitness status of participants
(Roig et al., 2013). In the present study, the BIKE group
received cardiovascular training of moderate intensity. The
training heart rates of participants in the BIKE group were
adjusted to the individual aerobic-anaerobic threshold. Thus,
the relative training intensity was similar for all participants and
we made sure that participants trained within the aerobic range.
Moreover, the heart rate was measured in the STRETCH group
as well, confirming a significant mean difference of 44 beats/min
between groups. Some recent studies have suggested that higher
physical exercise intensities more reliably improve memory
performance in acute exercise designs compared to low or
moderate intensity exercise (Winter et al., 2007; Etnier et al.,
2016; Thomas et al., 2016b). However, the effect of training
intensity is additionally dependent on individuals’ baseline
fitness and age.

It has been shown that more fit and regularly active
participants showed stronger increases in cognitive functions
after acute cardiovascular exercise compared to less fit and
untrained peers (Chang et al., 2012; Hopkins et al., 2012).
Participants in the present study were sedentary and had
relatively low cardiovascular fitness levels (average peak oxygen
uptake volume, VO2peak, of 34 ml/kg/min) compared to
normative samples in that age range (Laukkanen and Held,
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1999). Most other studies reporting positive effects of acute
cardiovascular exercise on memory included participants with
higher fitness levels of above a VO2peak of 40ml/kg/min (Winter
et al., 2007; Etnier et al., 2016; Thomas et al., 2016b; Bosch
et al., 2017b). It remains a task of future research to further
elucidate the extent to which variables such as prior physical
activity, intensity of the physical exercise, or the interaction of
both factors influence the effect of acute cardiovascular exercise
on memory.

Due to the general study design of the larger project, memory
for the pseudoword-picture pairs of the implicit vocabulary
learning task was assessed 1–2 weeks after initial encoding and
was spread over three separate sessions that took place on
different days. Moreover, participants were exposed to further
pseudoword-picture pairs between initial encoding and memory
assessment, possibly causing interference effects. It is, therefore,
possible that the study design may have masked potential effects
on the behavioral level.

Exercise-induced changes in neurotrophic factor levels have
been suggested to at least partly mediate the positive effects of
cardiovascular exercise onmemory (Cotman et al., 2007; El-Sayes
et al., 2019). Consistent with the literature, BDNF levels increased
significantly more after acute cardiovascular exercise compared
with non-cardiovascular exercise (Winter et al., 2007; Hötting
et al., 2016; Tsai et al., 2018). So far, only a few studies have
investigated the response of VEGF levels to acute cardiovascular
exercise and reported mixed findings (Landers-Ramos et al.,
2014; Skriver et al., 2014; Tsai et al., 2018; Kujach et al., 2020). The
present results indicated an increase of VEGF levels after cycling,
but not after stretching and toning. Thus, a bout of moderate
intensity cardiovascular exercise seems to increase both BDNF
and VEGF levels in young, untrained adults.

Regarding the relationship between exercise-induced changes
in BDNF levels and memory, results yielded significant
differences between the BIKE and STRETCH groups. Follow-up
analyses of the present study showed marginally significant
associations between a larger increase in BNDF and better
performance in measures of memory (memory performance
in block 1 and within-session learning in the recognition
sessions) only in the BIKE group. Correlation coefficients
were of moderate strength. The sample size calculation for
the present study was based on the main hypothesis of
the larger project predicting a group difference in memory
improvements across multiple learning sessions. Thus, the
relatively small sample size in the BIKE group was not
sufficient to test for significant correlations in such a range
and needs replication in larger samples. Nonetheless, results
of the present study add to the literature showing a positive
relationship between the increase in BDNF and memory
performance, suggesting that BDNF may be related to memory
improvement after exercise (Schmidt-Kassow et al., 2014;
Skriver et al., 2014; but see Etnier et al., 2016; Bosch et al.,
2017a,b).

Although BDNF correlated with memory in the BIKE group,
there was no difference in memory parameters between the
BIKE and the STRETCH group. It has been assumed that
higher levels of neuromodulatory substances (BDNF, VEGF)

after encoding might facilitate memory consolidation (Miranda
et al., 2019; van Dongen et al., 2016). BDNF levels in
response to cardiovascular exercise have been shown to increase
in an intensity-dependent manner, with higher intensities
inducing larger increases (Ferris et al., 2007; Winter et al.,
2007; Etnier et al., 2016; Hötting et al., 2016). Moreover,
exercising with higher intensity than in the present study is
known to increase levels of further neuromodulators, such
as noradrenalin, adrenalin, and lactate (Winter et al., 2007;
Skriver et al., 2014; Basso and Suzuki, 2017). It could,
thus, be speculated that the cycling intensity in the present
study did not sufficiently enhance BDNF levels and did
not induce the secretion of neurochemical substances which
would have been required for behavioral benefits after acute
cardiovascular exercise (but see Bosch et al., 2017b for
contrasting evidence).

In line with earlier research, the increase in VEGF did
not correlate with memory and no group differences were
found for the relationship between acute exercise-induced
changes in VEGF levels and memory (Skriver et al., 2014).
However, literature relating to exercise-induced VEGF changes
and memory in both chronic and acute study designs is limited,
and results are equivocal (Skriver et al., 2014; Woost et al., 2018).
In observational studies, higher VEGF levels have been positively
associated with larger hippocampal volume, less hippocampal
atrophy, and less cognitive decline over time (Hohman et al.,
2015) as well as with a decreased risk for Alzheimer’s disease
(Mateo et al., 2007), indicating that VEGFmight be beneficial for
memory-related processes.

Results from rodent studies have supported the involvement
of BNDF and VEGF in exercise-induced memory improvements
and their associated structural changes in the brain, such as
synaptogenesis, neurogenesis, and angiogenesis (Fabel et al.,
2003; Vaynman et al., 2004; Cotman et al., 2007; Uysal et al.,
2015; El-Sayes et al., 2019). While VEGF has mainly been
related to neurogenesis and the growth and protection of
the vasculature (Greenberg and Jin, 2005; El-Sayes et al.,
2019), BDNF, in particular, has received a lot of attention
due to its role in long-term potentiation, that is synaptic
plasticity essential for memory consolidation (Miranda et al.,
2019). Methodological differences between rodent and human
research may partially explain inconsistent results found with
respect to associations between neurotrophic factor levels and
memory in humans (Schmidt-Kassow et al., 2014; Skriver
et al., 2014). In contrast to rodents, invasive procedures
to manipulate or measure levels of neurotrophic factors in
the brain cannot be applied in humans. Therefore, they
are typically measured peripherally in serum or plasma. It
is unclear how these peripherally measured neurotrophic
factors are related to the levels in the brain (Pan et al.,
1998; Lanz et al., 2012; Rich et al., 2017). Moreover,
local increases, for example in the hippocampus, cannot
be determined by peripheral measures. Therefore, systemic
measurements in humans might not reliably capture changes
in neurotrophic factors and their relationship to memory, as
they may increase and act particularly at the local level in the
brain.
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Among the limitations of the present study is the blood
sampling procedure. Serum BDNF levels were increased after
lightly exercising in the STRETCH group (average heart rate of
94 beats/min). Previous studies did not report BDNF increases
after exercising at comparable intensity (Schmidt-Kassow et al.,
2014; Hötting et al., 2016). For organizational and technical
reasons, blood samples collected after exercise were stored at
room temperature until they were transported to the centrifuge.
This storage possibly caused the release of BDNF from platelets
and may be responsible for the unexpected increase of BDNF
levels in the STRETCH group (Webb et al., 1998; Gejl et al.,
2019). Thus, the absolute values of neurotrophic factors in the
present study should be interpreted with caution, in particular
when comparing absolute serum values to those reported
in previous studies. Nevertheless, given that the sampling
procedure and storage time were the same for both groups,
it is possible to unequivocally interpret group differences in
BDNF change. Additionally, taking blood samples on different
days and at different times might have introduced additional
variance in the levels of neurotrophic factors due to time-
and day-dependent fluctuations (Hetland et al., 2008; Piccinni
et al., 2008). However, the time difference and number of
days between baseline and post-exercise blood sampling were
similar between the BIKE and STRETCH groups, rendering
it highly unlikely that circadian fluctuations accounted for
group differences.

The present data show no beneficial effect of a single
cardiovascular exercise session compared with a single stretching
and toning session on early stages of memory consolidation
in young adults. However, acute cardiovascular exercise
increased both BDNF and VEGF levels in comparison to
non-cardiovascular exercise. Moreover, positive correlations
between changes in BDNF and memory measures were
compatible with the idea and previous findings (Skriver et al.,
2014; Bosch et al., 2017b) that BDNF contributed to memory
enhancement after acute cardiovascular exercise.
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