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Abstract
Acute bouts of physical activity of at least moderate intensity have shown to enhance cognition in young as well as older adults.
This effect has been observed for different kinds of activities such as aerobic or strength and coordination training. However, only
few studies have directly compared these activities regarding their effectiveness. Further, most previous studies have mainly
focused on inhibition and have not examined other important core executive functions (i.e., updating, switching) which are
essential for our behavior in daily life (e.g., staying focused, resisting temptations, thinking before acting), as well. Therefore, this
study aimed to directly compare two kinds of activities, aerobic and coordinative, and examine how they might affect executive
functions (i.e., inhibition, updating, and switching) in a test-retest protocol. It is interesting for practical implications, as coordi-
native exercises, for example, require little space and would be preferable in settings such as an office or a classroom.
Furthermore, we designed our experiment in such a way that learning effects were controlled. Then, we tested the influence of
acute bouts of physical activity on the executive functioning in both young and older adults (young 16–22 years, old 65–80
years). Overall, we found no differences between aerobic and coordinative activities and, in fact, benefits from physical activities
occurred only in the updating tasks in young adults. Additionally, we also showed some learning effects that might influence the
results. Thus, it is important to control cognitive tests for learning effects in test-retest studies as well as to analyze effects from
physical activity on a construct level of executive functions.
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Introduction

In recent years, many studies have focused on acute bouts of
moderate physical activities to improve cognitive perfor-
mance. A main aspect of cognitive processes is executive
functions, which are important in various daily activities
(i.e., driving a car, walking along a crowded street), sports,
and academic achievement (Diamond 2013; Diamond and
Ling 2016; Tomporowski et al. 2014). Previous studies have
examined executive functions following acute bouts of phys-
ical activities in children and young adults (Chang et al.
2014a; Chen et al. 2014; Hillman et al. 2009; Hung et al.
2013) as well as middle-aged and older adults (Barella et al.
2010; Chang and Etnier 2009; Chang et al. 2014b). Overall,
they have found small effects which differed depending on
age and type of activity.

Especially age-related differences are interesting, since re-
search indicates life span adaptations in cognition (Salthouse
and Davis 2006) and since fitness, which is also reduced at an
older age, moderates the interaction between activity and
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cognition (Pesce 2009). Interestingly, only few studies direct-
ly compared younger and older adults. For instance, one study
examined working memory following 15 min of moderate
cycling in three different age groups (i.e., 19–39 years, 40–
64 years, and 65 + years) and reported cognitive benefits in-
dependently of age (Hogan et al. 2013). Another work exam-
ined inhibition following light and moderate cycling intensi-
ties in younger and older adults; again, both age groups im-
proved their cognitive results following moderate physical
activity (Kamijo et al. 2009). These and other studies used
one specific exercise (e.g., cycling exercises) and examined
only one executive function each. Thus, there is still a lack of
research that compares effects of different physical activities
on multiple executive functions in different age groups. A
better understanding of such age- and fitness-related effects
is essential for practical implications: to improve physical ac-
tivity regimes regarding cognitive development in youth as
well as regarding cognitive maintenance at an older age.

One recent meta-analysis examined how age and fitness
level affect the relationship between cognition and physical
activity (Ludyga et al. 2016). The authors reported that the
highest effects on executive functions occurred in preadoles-
cents and older adults, and the effects were independent of
fitness level. Their review also yielded that most involved stud-
ies looked at the effect of physical activity on a particular ex-
ecutive function (i.e., inhibition) without considering potential
effects on other core executive functions such as updating and
shifting. This is in line with another meta-analysis that reported
significant results for an inhibition task (i.e., Stroop) and mixed
results for memory tasks (i.e., short-term memory, updating),
but not for shifting tasks (Chang et al. 2012).

The meta-analysis also showed that different types of phys-
ical activities vary in their effects on cognition (Chang et al.
2012). Aerobic activities showed a small positive effect, an-
aerobic or strengthening activities showed a negative effect,
and the highest effects on cognition were provided when both
single bouts of aerobic and strengthening activities were ap-
plied (Chang et al. 2012). In other studies, it was assumed that
differences can also be found between physical fitness and
motor fitness tasks (Marchetti et al. 2015; Pesce 2009). This
might be due to acute physical fitness tasks (i.e., running,
cycling), which can benefit cognition by metabolic changes
(e.g., catecholamine expression, see McMorris and Hale
(2015)), whereas motor fitness tasks (i.e., movement coordi-
nation) are related to changes in information processing
(Voelcker-Rehage and Niemann 2013). Since most studies
only applied one type of physical activity, there is need for
further comparative studies. Concerning this matter, there are
a few studies on children (aerobic vs coordinative vs strength-
ening activities, see Ludyga et al. (2017); van den Berg et al.
(2016)) and middle-aged adults (aerobic vs strengthening ac-
tivities, see Alves et al. (2012)). However, we are not aware of
comparative studies on older adults.

There are also other important moderators for the relation-
ship between physical activities and cognition, namely activ-
ity durations and intensities. Previous research has shown that
short bouts of activity (i.e., 20 min) of moderate intensities
(e.g., 40–79% Wmax or equivalent

1) were most promising for
positive effects on cognition (Brisswalter et al. 2002; Chang
et al. 2012; McMorris and Hale 2015). Light intensities
showed rather small effects and vigorous intensities needed
a longer recovery phase (> 15 min.) to induce cognitive ben-
efits (Chang et al. 2012). Chang et al. (2012) also recommend-
ed that physical activities should be longer than 11 min.

Besides all of the aspects mentioned above, a lack of va-
lidity and reliability in tasks of executive functions is named
as a serious issue of cognitive testing (Chung et al. 2014).
Specifically, the test-retest reliability of tasks of executive
functioning was found to be low (Lowe and Rabbitt 1998;
Miyake et al. 2000). However, tests for internal reliability
(i.e., split-half method adjusted by Spearman-Brown) showed
better results (Fournier-Vicente et al. 2008; Hull et al. 2008).
Regarding test-retest designs, there are additional participant-
related factors (i.e., task learning, motivation, mood, daily
fitness) which decrease test stability. Therefore, results from
studies concerning the effects of physical activities on cogni-
tive performance without measuring the test-retest reliability
should be interpreted carefully.

A very topical review (Pontifex et al. 2019) reported most
of the named as well as additional aspects in the framework of
acute effects from physical activity on cognition. Regarding
our initial considerations and other research gaps described by
Pontifex et al. (2019), the current study aimed to contribute to
this field of research by comparing the effects of different
acute physical activities (i.e., coordinative and aerobic) on a
diverse (i.e. inhibition, updating, task shifting as single func-
tions) and unitary approach of executive functions in two age
groups. A unitary approach is particularly interesting since a
participant’s performance might differ depending on the tasks
and participant. A recent study (Bock et al. 2019) did not find
indications of distinct executive functions. However, other
studies reported bi-factorial models (Adrover-Roig et al.
2012; Hull et al. 2008) or discussed both the unity and the
diversity of executive functions (Miyake and Friedman 2012),
which reveals the discrepancies in the literature.

To address all these factors, two test sessions were conduct-
ed in our study, i.e., one contained physical activity and cog-
nitive tests, and the other contained only cognitive tests (in
balanced order, to reduce test-learning effects). Additionally, a
control group performed two sessions without physical activ-
ity to also measure the test-retest reliability. We hypothesized

1 Equivalent includes VO2 and heart rate. However, it should be mentioned
that there are also other definitions for exercise physiology or endocrinology in
literature (e.g., 64–76 % HRmax, from the American College of Sports
Medicine (2010) guidelines).
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(I) that there would be activity-related benefits on three core
executive functions in young as well as older adults, (II) that
these effects would also be pronounced in the unitary ap-
proach on both age groups, (III) that there would be a differ-
ence between both activity modalities with slightly higher
effects in aerobic activities, (IV) that older adults would show
higher improvements compared with younger ones, and (V)
that our tests would show good test-retest reliability with neg-
ligible learning effects.

Methods

Participants

This was a controlled, non-blinded, parallel group study con-
ducted in Germany. Overall, 120 participants from two age
groups (young 16–22 years and old 65–80 years) were recruit-
ed via an internal participant pool and media articles. A total
of 19 participants were excluded from the statistical analysis
because they had missed the second test session or because
they did not meet the inclusion criteria. In terms of our heart
rate measurements, another 11 participants could not be ana-
lyzed due to technical problems during data recording. The
inclusion criteria were recorded based on self-reporting.
Participants had to have no health restrictions to perform phys-
ical activity for 20 min at a moderate to high intensity. They
were also asked not to engage in any additional sports activity
on the same day before our test sessions.

This study was approved by the Ethics Committee of the
German Sport University Cologne (148/2016) in accordance
with the ethical standards as laid down in the 1964Declaration
of Helsinki and its later amendments. Participants were in-
formed verbally as well as in writing about our study and
signed an informed consent form.

First, participants were informed about the physical activity
tasks (aerobic and coordinative) and were then randomly
assigned to one of the three groups (in blocks, 4:4:4, from a
computer-generated list) by the principal investigator (one
control group (CG) and two activity groups (AG)). We calcu-
lated the required sample size using G-Power® 3.1 as follows:
reviews reported small (f = 0.10) to medium (f = 0.25) effect
sizes from physical activity (Chang et al. 2012; Ludyga et al.
2016), therefore we expected a mean effect size of f = 0.175.
For the interaction term of a 2 (age) × 3 (group) × 2 (time)
analysis of variance with repeated measures on the latter fac-
tor, including f = 0.175, α = 0.05, β = 0.80, and a correlation
among repeated measures of 0.6, G-Power yielded a required
sample size of 90. In total, 101 participants were included in
the analysis, of which 70 (39 young adults, 16 female,Mage =
18.23 ± 1.33 years; 31 older adults, 10 female,Mage = 71.45 ±
4.58 years) were in our AGs and 31 (15 young adults, 5 fe-
male, Mage = 17.87 ± 0.74 years; 16 older adults, 5 female,

Mage = 72.31 ± 3.66 years) made up the CG. The primary
outcome was the differences in activity-related effects on cog-
nition between age and activity groups. The participants’ as-
signment for our study is illustrated in Fig. 1.

Procedure

All three groups were tested during two test sessions with a
break of four to five weeks in between. This period was cho-
sen for two reasons: Firstly, test-learning effects seem to be
negligible only after four weeks (Falleti et al. 2006), and sec-
ondly, longer periods increase the risk of a training-induced
bias (i.e., improved physical fitness). Each test session
consisted of six computerized tasks for executive functions
that were examined sequentially in a randomized order.
These tasks represented three core executive functions (i.e.,
inhibition, task shifting, and updating;Miyake et al. 2000) and
were adapted from tasks described in the literature (see corre-
sponding sections below). Each session took place in small
groups (i.e., up to four participants) and lasted about 50 to
60 min (without physical activity). Everyone had a single user
workstation, and all participants started each of the six tasks at
the same time.

The CG, which did not perform any physical activity dur-
ing the period, was examined to control for the first reason
(task learning effects and task reliability). The AGs either
performed an aerobic activity (i.e., running) or a sequence of
coordinative activities for 20 min, before they performed the
computerized tasks. Performing activities were counter-
balanced between the first and second session, active (with
physical activity) sessions lasted about 1.5 hours on average.
After the physical activity and before starting the computer-
ized tasks, participants needed an average of 7 min to switch
from the gym to the computer. To ensure that physical exer-
cise was synchronized with participants’ individual threshold
regarding the moderate intensity, all of them wore a heart rate
monitor (Polar RS 400®) during the activities and following
tasks. Additionally, during the aerobic activity, participants
were asked to control their heart rate and maintain moderate
to high intensities. The coordinative activity group was not
asked to maintain its heart rate since our planned coordinative
tasks had changing intensities and short resting periods in
between.

The timing of physical activity in our AGs and the se-
quence of cognitive tests were also determined using a
computer-generated randomized list. The instruction of the
activities and tests was carried out by students after they had
been trained by the study supervisor. All participants who did
not perform the activities as instructed or who did not match
the inclusion criteria (i.e., had performed additional physical
activity the same day) were logged by the instructors and
subsequently excluded from the analysis (see Fig. 1).
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Physical Activity

The aerobic activity consisted of a short warm-up (i.e., mobi-
lization and walking) and 20 min of continuous movement
(i.e., running). We asked participants to run at a moderate to
high intensity, about 80% of their maximum heart rate. This
value was slightly higher than the recommendations of the
American College of Sports Medicine (moderate intensities
64–76% HRmax). Thus, participants who performed below
this level were definitely in the range of moderate intensity,
and those who performed above the threshold were not nega-
tively affected2 as there was the transition time from the gym
to the computer. Our HR calculation was based on mean age
in our AG and the formula [208 − (0.7 x age)] for maximum
heart rate (Tanaka et al. 2001). We created physical activity
intervals calculated on this basis which resulted in about 150–
160 beats per minute (bpm) for young and about 120–130
bpm for older adults.

Our coordinative activities consisted of five tasks separated
by individual stations and were explained by one student.
Additionally, each station had a short, written instruction to
remind the participants of the task. Participants performed the
activity at each station for 3 min and then had 1 min to switch
to the next station, reread the task instructions if necessary,
and try out the task before the next 3-min phase started. The
chosen tasks concerned coordinative skills including hand-eye
coordination, postural control, bilateral movements, and step/
jump coordination (including different variations):

– Task 1, jumping sequence over two ropes arranged in a
square (backward, forward, double-footed, alternating
left/right)

– Task 2, throwing balls at a target 4 m away (balls had
different sizes, one eye closed, using non-dominant hand)

– Task 3, postural control on an unstable surface for 10 s
(one eye or both closed, rotating movements with free
upper/lower limbs)

– Task 4, stepping coordination on an agility ladder (three
different movement patterns, from slow to fast step
speed)

– Task 5, balancing on a rope on the floor while dribbling
one ball (using two balls, walking back and forth, one ball
dribbling and the other one throwing and catching, one
eye closed)

Cognitive Tasks

We used two cognitive tasks for each of the three core exec-
utive functions. We were able to control effects from physical
exercises on a construct level of cognitive abilities (i.e., as
diverse constructs) and not solely on a task level. Task order
was randomized across each AG to avoid negative sequence
effects (i.e., tiredness) on individual tasks.

Inhibition Tasks

We used the Stroop task (Stroop 1935) as one part of our
inhibition testing. This computerized version of the task was
adapted from existing tests in the literature (Alvarez-Alamilla

2 Cognitive performance seems to be impaired immediately after high inten-
sity exercise (Chang et al. 2012), thus a short delay was necessary.

Fig. 1 Study flowchart shows
participants’ inclusion and group
allocation
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et al. 2016; Bugg and Hutchison 2012).We randomly present-
ed (in the same quantity) the words yellow, blue, red, and
green one by one, either in a color that matched the words’
meaning (congruent trials) or in a different color (incongruent
trials). Participants had to press a response button as fast as
possible to indicate the color of each word, irrespective of its
meaning. In each trial, two answer options, one matching the
color and the other not matching, were presented on the screen
and could be selected with one of the two buttons. We record-
ed accuracy in the form of correct answers and used the reac-
tion time to calculate inhibition costs (i.e., incongruent trials
minus congruent trials) across all correct trials. Our version of
the Stroop task consisted of six blocks, each including 32
trials.

The second task was the Simon task, which was also mod-
ified from a previous research (Bialystok et al. 2008). A right
or left pointing arrow appeared randomly on the right or left
side of the central screen, either matching the side that it was
pointing to (congruent trial) or not (incongruent trial).
Participants were told to indicate as fast as possible the direc-
tion the arrow was pointing using one of the two buttons (i.e.,
left or right keyboard buttons). As in the Stroop task, this task
consisted of six blocks, each including 32 trials, and we re-
corded accuracy as well as reaction times and calculated inhi-
bition costs the same way.

Task Shifting

In the literature, “task shifting” or “switching” describes
the process of switching between two alternating tasks.
We used a paradigm that has previously been described
in the literature (Karbach and Kray 2009; Kray and
Lindenberger 2000). Our two tasks used the same mixed
block format (alternating form: AABBAABB …) where
participants had to switch intra-individual tasks (“A” and
“B”) after every other trial. Thus, we had two types of
trials, i.e., repetition trials (i.e., every second A or B task)
and switching trials (i.e., every first A or B task). One
task contained two visuospatial stimuli, and participants
were required to differentiate between shapes (circles or
square) or between sizes (i.e., small or large) of the pre-
sented stimulus. The other task contained a semantic com-
ponent, and participants had to differentiate between ani-
mate and inanimate words or between one- or multiple-
syllable words. Participants had to keep the alternating
order in mind and had to respond to each task by pressing
one of the two buttons. Both tasks consisted of six blocks,
each including 17 trials, and participants were told to an-
swer as fast and correct as possible. We measured accu-
racy in terms of correct answers as well as response times
and calculated switching costs by subtracting repetition
tasks from switching tasks in all correct trials.

Updating Tasks

Updating tasks are described by tracking or monitoring
working memory representations, and therefore are relat-
ed to the notion of working memory (Miyake et al.
2000). We used a modified computerized version of the
n-back task (Schmiedek et al. 2009a; Schmiedek et al.
2009b). We presented black dots sequentially on a 4 × 4
grid, and participants had to indicate whether a dot ap-
peared in the same field of the grid as the occurrence of
the dot before the last. There were two answer buttons
(i.e., one for new field, the other for the same field as the
dot before the last), and we registered accuracy in terms
of correct answers as well as reaction times. However,
we only used accuracy values for further calculations to
be comparable with the results of the second task (see
below). Our n-back task consisted of six blocks, each
including 19 trials.

The second updating task was a modified keep track task
(Miyake et al. 2000; Yntema 1963). The participants were
presented with a table with six categories, each of which in-
cluded three words. Afterwards, participants were required to
remember six blocks, including a different number of catego-
ries (the number increased every two blocks, 2 × 3, 2 × 4, and
2 × 5 categories). In each block, we presented a sequence of 15
randomized words from the table, and participants had to track
the last word of each given category. At the end of the block,
they wrote down the last word, and we registered accuracy in
terms of correct answers.

We calculated an inhibition score (i.e., mean value of inhi-
bition costs from reaction times in both tasks), a task shifting
score (i.e., mean value of switching costs from reaction times
in both tasks), and an updating score (i.e., mean value of
accuracy in both tasks) for the subsequent analyses. The three
core functions were used for our diverse approach. In a further
step, we transformed them to z-scores:

zi ¼ MV–MVð Þ=SD ð1Þ

This formula includes zi = individual z-score, MVi as indi-
vidual mean value, MV as mean value, and SD as standard
deviation (note MV and SD were calculated across both age
groups and all conditions to preserve differences).
Subsequently, we calculated individual mean values from all
three core functions to examine the unitary approach.

Statistics

We analyzed the heart rate measurements to verify physical
activity intensities. Therefore, we calculated mean values
from the entire 20 min of physical activity in each condition
as well as for the entire test session. Then, we conducted a 2
(condition, aerobic, coordination) × 2 (time, during activity,
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during tests) analysis of variance (ANOVA) with repeated
measurements on the latter factor for each age group.

Furthermore, we conducted a 2 (age, young, old) × 3 (con-
dition, aerobic, coordination, control) × 2 (activity, with or
without previous activity) ANOVA with repeated measure-
ments for each core function of our diverse approach and the
MV from our unitary approach. In the CG, we additionally
examined reliability by the intraclass correlation coefficient
(ICC) for both age groups (i.e., young and old) and further
conducted a 2 (age, young, old) × 2 (time, first, second ses-
sion) ANOVA. The latter tested whether participants im-
proved their task performance between tests (i.e., learning
effects).

Results

Results from heart rate measurements showed that young
(F(1,31) = 11.36, p < 0.01, ɳ2 = 0.268) as well as older
(F(1,24) = 14.99, p < 0.01, ɳ2 = 0.385) participants differed in
their heart rate between both activity conditions and mean
heart rate during the cognitive tests. The post hoc analysis
indicated that mean heart rate values were higher in aerobic
than in coordinative activity groups (young, mean difference
(MD) = 17 bpm; old, MD = 21 bpm). Regarding intensities in
our aerobic AGs, only mean heart rate in older participants
(MV = 126 ± 19.3 bpm) met our instructions. Heart rates in
young participants were slightly lower (MV = 148 ± 12.8
bpm) than instructed, however, it equaled 76% HRmax and
therefore still met the range for moderate intensity.

Regarding our diverse approach, we found significant age
effects for inhibition (F(1,95) = 22.40, p < 0.01, ɳ2 = 0.167, Fig.
2), updating (F(1,95) = 69.82, p < 0.01, ɳ2 = 0.388, Fig. 3), and
task shifting (F(1,95) = 28.09, p < 0.01, ɳ2 = 0.220, Fig. 4).
Older participants showed a decreased performance for inhi-
bition (MD = − 39.14 ms) and updating (MD = − 21.7%) and
better results for task shifting (MD = 48.59ms) comparedwith
younger participants. There was also a significant interaction
of age × condition for inhibition (F(2,95) = 5.99, p < 0.01, ɳ2 =
0.090, Fig. 2) and updating (F(2,95) = 5.29, p < 0.01, ɳ2 =

0.059, Fig. 3). Regarding physical activity, results indicated
a significant interaction of activity × condition for inhibition
(F(2,95) = 3.43, p = 0.04, ɳ2 = 0.009, Fig. 2). Moreover,
updating showed a main effect for activity (F(1,95) = 9.36, p
< 0.01, ɳ2 = 0.008, Fig. 3) and a significant interaction for
activity × age (F(1,95) = 5.76, p = 0.02, ɳ2 = 0.005, Fig. 3).

In view of the activity × condition interaction of inhibition,
the post hoc comparisons (Bonferroni-corrected) no longer
showed significant differences. For updating, post hoc com-
parisons (Bonferroni-corrected) of activity × age indicated
that only young participants showed significant activity-
related differences (MD = 5.93%, p < 0.01).

Regarding our unitary approach, we found only a signifi-
cant age effect (F(1,95) = 22.32, p < 0.01, ɳ2 = 0.177), indicat-
ing a slightly better performance in young compared with
older participants (MD = 0.41, p < 0.01).

Our analysis for the test-retest reliability showed that three
of the six tasks in young and four of the six tasks in older
participants revealed a significant moderate to good reliability
(see Table 1). Nearly all tasks revealed significant differences
between both age groups. Independently of age, the post hoc
analysis of the semantic switch task showed a significantly
decreased performance (MD = − 34.506, ɳ2 = 0.153, CI
(95%) = − 65.304 to − 3.709) across time, indicated by higher
switching costs. The Stroop task (MD = 27.037, ɳ2 = 0.172,
CI (95%) = 4.469 to 49.606) as well as the Simon task (MD =
10.398, ɳ2 = 0.147, CI (95%) = 0.874 to 19.921) showed a
significant increase across time, indicating lower inhibition
costs in both age groups. Post hoc analysis of the time × age
interaction in the n-back task showed significant learning ef-
fects for younger adults (see Table 1).

Discussion

The aim of this study was to test the effects of different acute
bouts of physical activity with a diverse as well as a unitary
approach of executive functions (EF) in young and older
adults. In a control group, we additionally assessed our cog-
nitive tasks for reliability and test-retest effects (i.e., learning).

Fig. 2 Inhibition costs from reaction time in milliseconds (ms) on the y-axis for each condition (from left to right, aerobic, coordination, control). In both
activity groups, the measurements without physical activity (no PA) and with PA were in randomized order
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We found overall age effects in each approach. Physical ac-
tivity appeared to only improve updating in young adults,
however, this effect seemed to be stable across all conditions,
and therefore we cannot exclude any potential learning effects.
Additionally, our results also indicated a lack of test-retest
reliability and varied regarding testing periods, which we at-
tribute to the mentioned learning effects.

We are not aware of any other study that has used different
tests of core EF to analyze the effects of physical activity on a
construct level (i.e., using latent variable approach).
Interestingly, previous studies that have used single tests have
found many benefits of exercise on cognition (Chang et al.
2012; Ludyga et al. 2016). This contradicts the results of our
study and could be due to a variety of factors such as age,
exercise intensities, length of cognitive tasks battery (between
one and three tasks vs six tasks), and insufficient or unverified
test-retest reliability (for a review see Pontifex et al. (2019)).
Therefore, the main aspects are discussed in the following
sections.

Regarding the age factor, it should be mentioned that EF
change during the developmental phases from children to
young adults (Best and Miller 2010). Regarding aerobic exer-
cises, a previous study in adolescents showed effects on inhi-
bition and working memory during but not after moderate
physical activity (i.e., 60% and 70% HRmax) (Soga et al.
2015). In contrast, other research in preadolescents revealed
benefits only on inhibition following 60% HRmax treadmill

running (Hillman et al. 2009); or on task shifting, updating,
and inhibition following running at 60–70% HRmax on a
playing field (Chen et al. 2014). We used comparable intensi-
ties (our intensities were slightly lower than 80% HRmax);
however, our results are only consistent in terms of updating.
Importantly, most of the named studies recruited younger par-
t i c ipan ts (e .g . , ch i ld ren) , which high l igh t s the
abovementioned factor of age. A further aspect is the task
modality; our keep track task was quite similar to a free recall
memory task. In this regard, Coles and Tomporowski (2008)
suggested that an activity-induced revival might be beneficial
for long-term memory processes. Besides those methodolog-
ical issues, there could also be a physiological explanation.
Previous studies have shown that exercise results in biochem-
ical adaptations (i.e., catecholamine and hormone levels),
which affects cognition (McMorris et al. 2015; Piepmeier
and Etnier 2015). More precisely, increased levels of brain-
derived neurotrophic factor (BDNF) might be responsible for
positive post-exercise effects on memory functions. This as-
sumption is based on the fact that both memory functions and
BDNF expression rely on the hippocampus (Piepmeier and
Etnier 2015). Additionally, the authors showed that such an
increase in the BDNF level can last for 10 to 60 min
(Piepmeier and Etnier 2015), whereby a previous study indi-
cated that this time is primarily influenced by the exercise
duration (Schmolesky et al. 2013). Thus, a potential explana-
tion for our results could be that the increased BDNF level

Fig. 3 Updating accuracy in percent (%) on the y-axis for each condition (from left to right, aerobic, coordination, control). In both activity groups, the
measurements without physical activity (no PA) and with PA were in randomized order.

Fig. 4 Switching costs from reaction time in milliseconds (ms) on the y-axis for each condition (from left to right, aerobic, coordination, control). In both
activity groups, the measurements without physical activity (no PA) and with PA were in randomized order

407J Cogn Enhanc (2020) 4:401–411



only affected the updating task performance. However, this
interpretation should be considered carefully as we did not
analyze BDNF.

To the best of our knowledge, this is the first study that
used simple coordinative activities to test benefits on cogni-
tion in older adults. Other similar studies have examined more
complex activities such as dancing (Kimura and Hozumi
2012), yoga (Gothe and McAuley 2015), or exergames
(Monteiro-Junior et al. 2017) that included multiple different
coordinative components at the same time. Regarding those
studies, effects on EF were limited but promising. Authors
reported reduced switching costs following a combination
style dancing program, overall improved EF following yoga,
and no effects on EF from exergames. However, regarding
yoga, the results should be interpreted cautiously due to a lot
of inconsistencies between yoga programs in the reviewed
studies (Gothe and McAuley 2015). Thus, research on how
acute bouts of coordinative activities affect executive func-
tioning in healthy older adults is limited. Regarding other
physical activities, recent studies have shown benefits on in-
hibition after acute bouts of aerobic (Johnson et al. 2016) or
resistance (Chang, Tsai, et al., 2014; Johnson et al. 2016)
activities. In contrast, earlier studies reported no benefits of
acute bouts of aerobic activity on the inhibition part of a
Stroop task in older adults (Barella et al. 2010) or acute bouts
of resistance activity on a trail making test in middle-aged
adults (Chang and Etnier 2009). In summary, there is mixed
evidence concerning benefits of acute bouts of physical activ-
ity on inhibition with increasing age.

Our current research showed no effects of different activi-
ties in this age group. Additionally, most cognitive tasks
showed acceptable test-retest reliability, while three tasks also
indicated variable performances. Thus, in older adults, we
showed relatively stable results indicating that 20min of phys-
ical activity on the threshold to high intensity did not improve
EF. In contrast to our results, another study found activity-
related benefits on reaction times but not on accuracy in a
working memory task (n-back task) independently of age

(Hogan et al. 2013). These differences might occur because
of some methodological issues. Hogan et al. (2013) used two
independent groups and one testing session, whereas our
study was based on a test-retest design with counter-
balanced performance of physical activity. We discussed
above the influence of BDNF on cognitive performance in
young adults, but in older adults, this relationship might be
influenced by structural changes of the brain during the
(healthy) aging process (Fjell and Walhovd 2010; Voelcker-
Rehage and Niemann 2013). More precisely, another study
showed a reduced hippocampal volume as well as decreased
working memory performance at an older age (Erickson et al.
2010). Generally, there could also be exercise-induced BDNF
expression at an older age; however, regarding our results,
20 min of physical activity might be insufficient. This is in
line with another study with older adults which showed in-
creased BDNF levels as well as better working memory per-
formance following 35 min of moderate intensity exercise
(Håkansson et al. 2017).

Furthermore, we anticipated similar results between differ-
ent conditions of physical activity (aerobic and coordinative
activities), but our results did not indicate any differences in
both age groups. The overall lack of findings, however, is
partly in line with previous studies. They did not find differ-
ences between exercise modalities such as aerobic, coordina-
tion, and strength (van den Berg et al. 2016); aerobic and
coordination (Ludyga et al. 2017); or aerobic and strength,
either (Alves et al. 2012). However, it should be mentioned
that these studies only included children or adult females.
Furthermore, those and other studies also differed in their
characteristics (e.g., type, duration, intensities) and settings
(e.g., urban areas, nature) of physical activity (Pontifex et al.
2019), which makes a direct comparisons more difficult. As a
first step towards a solution, another review described stan-
dardized guidelines to improve comparability between studies
(Basso and Suzuki 2017).

We further conducted test-retest comparisons using
intraclass correlations and analysis of variance for each test

Table 1 Results from each task separated for age groups, including intraclass correlation (ICC) and an analysis of variance (ANOVA) to control for
learning effects. Significant differences (p values < 0.05) are in italics

ICC ANOVA

Task Young Old Time Age Time × age

Switch (spatial) 0.138, p > 0.05 0.476, p = 0.027 F(1,29) = 0.692, p > 0.05 F(1,29) = 5.132, p = 0.031 F(1,29) = 2.465, p > 0.05

Switch (semantic) 0.276, p > 0.05 0.187, p > 0.05 F(1,29) = 5.251, p = 0.029 F(1,29) = 0.396, p > 0.05 F(1,29) = 1.289, p > 0.05

Stroop 0.865, p < 0.01 0.678, p < 0.01 F(1,29) = 6.003, p = 0.021 F(1,29) = 10.550, p < 0.01 F(1,29) = 0.020, p > 0.05

Simon 0.642, p < 0.01 0.322, p > 0.05 F(1,29) = 4.986, p = 0.033 F(1,29) = 43.760, p < 0.01 F(1,29) = 0.551, p > 0.05

n-back 0.211, p > 0.05 0.419, p = 0.047 F(1,29) = 2.908, p > 0.05 F(1,29) = 2.997, p > 0.05 F(1,29) = 5.192, p = 0.030

Keep track 0.891, p < 0.01 0.694, p < 0.01 F(1,29) = 3.415, p > 0.05 F(1,29) = 16.951, p < 0.01 F(1,29) = 0.506, p > 0.05

408 J Cogn Enhanc (2020) 4:401–411



in both age groups to prove reliability of our cognitive tasks.
In both age groups, we discovered mixed results which indi-
cate that test-retest reliability should be interpreted with cau-
tion. Our results are partly in line with another study that
examined the test-retest reliability for attentional and execu-
tive tasks in middle-aged and older adults (Lemay et al.
2004). They showed acceptable results for most of their tasks;
however, for error-based scores (i.e., reaction time tasks,
Stroop task), they reported a lack of reliability. Similar results
of reduced test-retest reliability were shown for more com-
plex tasks (i.e., Tower of Hanoi, Wisconsin Card Sorting
Test) of EF (Lowe and Rabbitt 1998; Miyake et al. 2000).
Miyake et al. (2000) therefore suggested that people used a
strategy adaptation when performing these tasks. Regarding
such adaptations, it would be advantageous to learn each task
extensively prior to the testing. In another study, the authors
showed moderate scores for reliability of a neurocognitive
test battery (Gualtieri and Johnson 2006). Despite the au-
thors’ findings, these researchers also pointed out that
neurocognitive test batteries can be less reliable since mem-
ory, attention, and reaction times can be affected by external
(i.e., time of day, drugs, disease) as well as internal (i.e.,
motivation, fatigue, mood) factors. In summary, reliability
of computerized tasks of EF might be influenced by
internal/external factors, task complexity, and task learning
effects. Specifically, increasing task complexity allows more
than one solution strategy, and therefore participants’ perfor-
mances could vary. Thus, in test-retest study designs, a reli-
ability test seems to be important to prove the aptitude of the
cognitive tasks. Our results support this view, and additional
testing concerning the reliability would be helpful regarding
the interpretation of further results.

It is also possible that our lack of findings is based on some
limitations. First, the mixed results from reliability testing in-
dicate a necessity of learning sessions for some cognitive tests.
A further limitation concerns our overall quite long cognitive
task duration, which could negatively change internal factors
(e.g., mood, fatigue, motivation) that affect task performance
and therefore reduce possible benefits. Furthermore, the addi-
tional transition time from the gym to the laboratory might
have influenced the participants’ BDNF level which could
have been higher for 10 to 60 min and also depends entirely
on the duration of the exercise. Thus, the transition time plus
our time-consuming cognitive tasks might have been too long
to show effects on cognition. Furthermore, we used a percent-
age of the groups’ means HRmax and defined upper/lower
intensity limits. However, instead of using these means, it
might have been more effective and precise to calculate the
individual intensity range. A further limitation is the time dif-
ference of about 30 min between our exercise and no exercise
sessions. Thus, there might be a confounding effect in the AG
between both sessions from the shorter duration of our “con-
trol” session.

Overall, we found improvements for updating in young
adults following acute bouts of physical activity, which should
however, be interpreted with caution due to our methodolog-
ical limitations. Additionally, there were no differences be-
tween aerobic and coordinative activities in the young or in
the older adults. In future studies, it would be important to
control cognitive tasks for test-retest reliability. Furthermore,
the activity prescriptions should be written in such a way that
studies can be compared with others, and participants’ physi-
cal performance should be measured intensively to differenti-
ate between effects from various types of physical activities.
As an additional aspect, it would be interesting to extend the
research on a construct level (i.e., using latent variables) of EF.
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