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The different responses of humans to an apparently equivalent stimulus are called interindividual
response variability. This phenomenon has gained more and more attention in research in
recent years. The research field of exercise-cognition has also taken up this topic, as shown
by a growing number of studies published in the past decade. In this perspective article,
we aim to prompt the progress of this research field by (i) discussing the causes and
consequences of interindividual variability, (i) critically examining published studies that have
investigated interindividual variability of neurocognitive outcome parameters in response to
acute physical exercises, and (iii) providing recommendations for future studies, based on our
critical examination. The provided recommendations, which advocate for a more rigorous
study design, are intended to help researchers in the field to design studies allowing them to
draw robust conclusions. This, in turn, is very likely to foster the development of this research
field and the practical application of the findings.

Keywords: exercise prescription, interindividual variability, intraindividual variability, cognition, neuroscience,
acute physical exercise, physical activity

INTRODUCTION

Every human is unique, and every day is different. Hence, it is not surprising that a certain degree
of variability is present in measures of human capacity and performance even though the assessment
is conducted during apparently similar conditions. From a scientific point of view, different origins
of variability can be distinguished, namely (i) technical variability (also known as measurement
error; e.g., due to difference in machine calibration), (ii) intraindividual variability (also known as
within-subject variability), and (iii) interindividual variability (also known as between-subject variability)
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(Hecksteden et al, 2015; Voisin et al, 2019). Especially, the
phenomenon of interindividual variability has gained more and
more attention in recent years. Among others, this increased
interest was driven by the intervention literature because the
intervention-related individual differences in outcome measures
(e.g., neurocognitive parameters) have great practical relevance
(e.g., in therapy, rehabilitation, health care, prevention, and sports
medicine) (Greenham et al., 2018; Ross et al, 2019).

The research on interindividual differences has currently
reached the field of exercise-cognition research as illustrated by
recently published studies investigating interindividual variability
in cognitive measures in response to acute bouts of physical
exercises (Yamazaki et al., 2017, 2018; Schwarck et al., 2019).
In this context, physical exercise is defined as a specific form
of physical activity that is planned, structured, repetitive, and
purposive to maintain or improve a certain outcome, for instance,
physical or cognitive parameters. In contrast, physical activity
itself comprises all (unspecific) muscle-induced bodily movements
leading to an increase in energy expenditure above ~1.0/1.5
metabolic equivalent of task [MET; 1 MET = 1 kcal (4,184 kJ)
o kg™' o h7'] (Caspersen et al, 1985). Thus, physical exercise
is always physical activity but physical activity is not necessarily
physical exercise (Wegner et al., 2020). In this perspective article,
we focus on physical exercise, particularly on an acute (single)
bout of physical exercises rather than on the effects of chronic
exercises (e.g., repeated bouts of physical exercises over a longer
period of time) or physical training [e.g., chronic physical
exercises being conducted regularly in a planned, structured,
and purposive manner with the objective of increasing or, at
least, maintaining one or more fitness components (Scheuer
and Tipton, 1977; Caspersen et al., 1985; Howley, 2001)]. Acute
physical exercises are a good starting point to investigate
interindividual variability in neurocognitive outcomes since a
lower amount of resources is required (e.g., financing, equipment,
and personnel) as compared to long-term studies. Moreover,
the knowledge and experience gained by studies investigating
interindividual variability in response to acute physical exercises
can in a later step be helpful to conceptualize physical training
studies that are more challenging to implement. However, it
should be noted that our recommendations can, at least partly,
also be transferred to chronic physical exercises or physical training.

In our opinion, future research in the direction of
interindividual variability in response to an acute bout of physical
exercise can greatly benefit from the application of more rigorous
study designs. Based on a brief discussion of the origin of
interindividual variability and the analysis of available studies,
we will deduce practical recommendations for future studies
aiming to investigate interindividual differences in specific
outcome parameters in response to acute physical exercises.

THE COMPLEX STORY OF
INFLUENCING FACTORS AND THEIR
CONSEQUENCES

There are ongoing efforts to understand the factors that cause
exercise-related interindividual variability in specific outcome

parameters (Ross et al, 2019). In recent years, a growing
amount of research has emerged showing that there is
considerable interindividual variability in changes of
cardiorespiratory fitness [operationalized via maximal or highest
“system-limited” oxygen uptake (VO,yax; VOspeax)] in response
to physical training (Karavirta et al., 2011; Bonafiglia et al.,
2016; Gurd et al., 2016; Williamson et al., 2017; Bratland-Sanda
et al., 2020; Metcalfe and Vollaard, 2021). Here, for example,
Karavirta et al. (2011) reported that changes in VO,,x can
range between —8 and 42% in older adults who had participated
in a combined strength and endurance training program over
21 weeks. In other words, this research has demonstrated that
there is a wide range of response levels to an apparently
identical exercise stimulus with some individuals benefitting
more than others from physical training regimes. As shown
in Figure 1, several factors constitute a potential source for
interindividual response variability (e.g., neurocognitive changes
in response an acute bout of physical exercises). According
to the literature, these factors can be categorized as follows:
non-modifiable, modifiable, and other influencing factors.

Non-modifiable Factors

Non-modifiable factors comprise factors that are predetermined,
such as genetics, sex, and age. Consequently, these factors
cannot be manipulated experimentally, but acknowledging their
influence on exercise-related responses, researchers can account
for them when designing studies. Based on this, it can
be determined to which extent the observed interindividual
variability in a specific (neurocognitive) outcome parameter
is caused by the difference in the individual response to the
physical exercise itself or is attributable to other factors, such
as non-modifiable factors.

There is considerable evidence highlighting the prominent
influence of the genotype on the responsiveness of a single
individual in (i) physical performance parameters (Bouchard
etal, 1999, 2011, 2012, 2015; Timmons et al., 2010; Puthucheary
et al.,, 2011; Timmons, 2011; Costa et al., 2012; Pickering and
Kiely, 2017; Sarzynski et al., 2017; Williams et al., 2017; Alvarez-
Romero et al., 2020), (ii) brain structure (Thompson et al,
2001; Toga and Thompson, 2005; Bueller et al., 2006; Peper
et al., 2007; Yoon et al., 2010), (iii) brain function (Anokhin
et al,, 2006; Blokland et al., 2008; Makris et al., 2009; Glahn
et al, 2010), and (iv) cognition (McClearn, 1997; Anokhin
et al, 2003; Goldberg and Weinberger, 2004; Blokland et al.,
2008; Friedman et al., 2008). Undoubtedly, the gain of knowledge
in this direction will help us to better tailor the exercise
prescriptions according to an individual’s characteristics (Herold
et al., 2019, 2020c; Barha et al., 2021a). However, the exact
influence of genetic factors on interindividual response variability,
at least for physical performance, is not yet exactly known
and is currently under debate (Joyner and Lundby, 2018;
Bouchard, 2019; Joyner, 2019a,b). In this context, there is some
evidence showing that genetic factors (e.g., specific gene variants)
predict a certain degree of variance in the training adaptations
with regard to a specific outcome parameter (e.g., VOyux;
Bouchard et al., 1999, 2011; Timmons et al., 2010; Bouchard,
2012, 2019). While the variance explained by genetic variants
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FIGURE 1 | Schematic illustration of the influence of non-modifiable factors, modifiable factors, and other influencing factors that causes interindividual response
variability in neurocognitive outcomes after an acute bout of physical exercises. Please note that some factors contributing to interindividual response variability
mutually influence each other and that the used ratio of the segments presented in the pie chart does not necessarily reflect the actual proportion of their influence.
Dashed lines indicate that these factors have an influence on other factors. Capacity level is defined as the actual or potential ability of an individual (e.g., athlete) to
accept load. The capacity level is influenced by various factors, including fitness status before load, loading rate, psychological factors, and various other internal
and external factors (Soligard et al., 2016). Here, we included performance level as fitness status, as a specific domain of capacity in an organismic subsystem or an
external load outcome parameter. *Socio-economic status including factors such as (parental) income, (parental) education, and (parental) occupation. “Baseline
cognitive performance refers to the baseline performance capabilities of individuals with respect to a specific cognitive task that can be, among other factors,
influenced by perceptual skill level, socioeconomic status (SES), and the global cognitive performance. Please note that socio-economic status and baseline
cognitive performance are not completely non-modifiable but certain aspects cannot be changed in later life periods (e.g., developmental trajectories influenced by
parental income and parental education that shaped cognitive performance in adulthood).

has a relatively wide range (e.g., from 22 to 57% for VO,yax;
Zadro et al., 2017), some of these genetic variants have been
frequently associated with variance of an outcome parameter
(e.g., VOyuax) across different studies (for review, see Alvarez-
Romero et al., 2020). However, there is limited evidence linking
those genetic factors to key physiological pathways being causal
to drive adaptations (e.g., changes in stroke volume; Joyner
and Lundby, 2018; Joyner, 2019a,b). This challenging the
overemphasis and reductionism of interindividual variability
to genetic factors. Thus, further studies in this direction should
consider multiple levels of analysis, including a multiscale
physiological responses approach, to better understand physical
exercise-related responses in general and the contribution of
genetic factors to them in particular (Herold et al., 2019; Joyner,
2019a,b). In this regard, twin studies in mono- and dizygotic
twins have been proposed as a valuable option to investigate
the influence of genetic factors and/or exercise prescription
on specific outcome parameters (Joyner and Lundby, 2018).
Concerning acute exercise-cognition studies, there is, to the
best of our knowledge, no twin study available, and the impact
of genetic factors on interindividual variability in neurocognitive
outcome parameters in response to acute physical exercises
has been, so far, not extensively investigated. Notably, one

study suggested that genetic factors (e.g., BDNF genotype)
might influence memory performance (Piepmeier et al., 2019).
However, given the small sample size of the mentioned study,
no detailed analysis of interindividual response variability could
be performed. Thus, additional studies with larger sample sizes
are needed to extend the knowledge in this direction.

Another non-modifiable factor is sex. There are not many
studies that investigated its role in the acute exercise-cognition
field (Loprinzi and Frith, 2018), but it is assumed that sex
can be an important moderator especially in long-term physical
exercise interventions (Barha et al., 2017a,b, 2019, 2021b; Barha
and Liu-Ambrose, 2018, 2020). The available studies that
investigated the influence of sex on cognitive performance after
an acute bout of physical exercises did not find compelling
evidence that sex moderates the effects on memory performance
at the group level (Johnson et al., 2019; Johnson and Loprinzi,
2019). However, the answer to the question whether these
findings can be generalized to the individual level also requires
further investigations.

There is some evidence from meta-analyses that age is also
an important factor influencing the magnitude of the effect of
acute exercise on cognitive performance at the group level and
should not be disregarded (Chang et al.,, 2012; Ludyga et al., 2016;
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Oberste et al., 2019). In this respect, it was observed that preadolescent
children and older adults benefit from acute physical exercises
more than other age groups (Ludyga et al, 2016). In addition,
there is also evidence, albeit limited, that exercise-induced changes
in functional brain activation patterns are influenced by age (Yu
etal., 2021). However, the effect of age on interindividual differences
in response to acute physical exercises in terms of cognitive
performance has not yet been sufficiently studied in order to find
a physiologically based explanation for the mentioned phenomenon.

In addition, there is some evidence that non-modifiable
factors such socioeconomic status (SES) can influence the brain
integrity and cognitive performance (Hackman and Farah, 2009;
Hackman et al., 2010; Staff et al, 2012; Zhang et al., 2015;
Farah, 2017; Cermakova et al., 2018; Chan et al., 2018; Korous
et al., 2020; Steptoe and Zaninotto, 2020; Yaple and Yu, 2020).
Although the direct influence of SES on interindividual variability
of cognitive outcomes has, to the best of our knowledge, not
extensively examined in acute-exercise cognition studies, it is
a crucial factor that probably contribute, among other factors,
to interindividual variability in a specific neurocognitive outcome
parameter and thus should be assessed in future studies
investigating interindividual variability.

As shown in Figure 1, baseline cognitive performance is an
important non-modifiable factor based on the observations that
it influences the effects of acute physical exercises on cognitive
performance (Drollette et al., 2014; Yamazaki et al., 2018; Ishihara
et al, 2020). In the above-mentioned studies, it was noticed
that individuals with a low baseline performance benefit the
most from the acute physical exercise interventions in terms
of cognitive performance enhancements (Drollette et al., 2014;
Yamazaki et al., 2018; Ishihara et al., 2020). However, concerning
interindividual variability in baseline cognitive performance, the
statistical phenomenon of regression to the mean (RTM) should
be considered (Shephard, 2003; Chiolero et al., 2013; Atkinson
and Batterham, 2015). RTM describes the phenomenon that in
studies with several measurement time points (i.e., repeated-
measures design), extreme values being measured at the baseline
assessment tend to be closer to the mean (ie., less extreme
value) in a follow-up assessment (for a more detailed discussion,
see Shephard, 2003; Barnett et al., 2005; Chiolero et al., 2013;
Atkinson and Batterham, 2015). Theoretically and in line with
the phenomenon of the RTM, individuals with a low level of
cognitive performance at baseline tend to show larger
improvements at the second assessment after an intervention
(e.g., after an acute bout of physical exercises), whereas individuals
with a high level of cognitive performance at baseline tend to
show smaller improvements at the second assessment after an
intervention (e.g., an acute bout of physical exercises). To account
for the phenomenon of RTM, a proper study design and
sophisticated analysis methods are necessary (see recommendations
in section Considerations regarding the statistical analysis;
Shephard, 2003; Barnett et al., 2005).

Recommendations Regarding Non-modifiable
Factors

The currently available evidence suggests that some
non-modifiable factors can mediate the effects of acute physical

exercises on cognitive performance (at least at the group level)
but whether these factors contribute to the interindividual
response variability has not yet been extensively investigated.
Hence, future research in this direction is urgently needed.
Taking non-modifiable factors into account (e.g., age and sex)
is relatively easy, as these factors can be considered during
the recruitment of participants or can be used as covariates
in the statistical analysis. In contrast, the factor genetics is
more complex and needs interdisciplinary efforts to
be appropriately addressed (e.g., collaboration between exercise
scientists and geneticists). However, one should always keep
in mind that non-modifiable factors are factors that we have
to deal with, for instance, by adjusting the modifiable factor
exercise prescription (Lightfoot, 2008; Herold et al., 2019, 2020c;
Gronwald et al., 2020b).

Modifiable Factors

Modifiable factors can be classified into exercise-related and
non-exercise-related factors. Exercise-related factors include
parameters of exercise prescription (e.g., exercise intensity),
whereas non-exercise-related factors comprise lifestyle and
personal factors (e.g., sleep and diet) which can affect (in a
positive or negative way) the acute and/or chronic response
to physical exercise. In the following part, we want to address
both factors more in detail.

Modifiable Exercise-Related Factors

In the literature, there is empirical evidence (Ross et al.,
2015; Bonafiglia et al., 2016; Montero and Lundby, 2017)
and a strong theoretical rationale (Pickering and Kiely, 2018;
Herold et al., 2019; Gronwald et al., 2020b; Herold et al.,,
2020¢; Meyler et al.,, 2021) that the individual responsiveness
to exercise can be influenced by modifying the dose of
exercise by adjusting the exercise prescription. However, a
recent article emphasizes that larger mean changes rather
than the reduction in interindividual variability, are responsible
for the better responsiveness after adjusting the exercise
prescription (e.g., higher training frequency, longer training
duration) (Bonafiglia et al., 2021b). The latter finding might
indicate that a more rigorous individualization is needed
to decrease interindividual variability (as suggested by Herold
et al,, 2019, 2020c). However, our knowledge regarding the
influence of an adjusted exercise prescription on
neurocognitive outcome parameters is meager. In this context,
there are findings showing that exercise prescription of acute
physical exercise [e.g., exercise intensity, mode of exercise
protocol (continuous vs. interval training), or type of exercise
(physical exercise with or without motor/cognitive activities)]
influences neurocognitive parameters such as cognitive
performance at the group level (Budde et al., 2008, 2010;
Lambourne and Tomporowski, 2010; Chang et al., 2012;
Netz, 2019; Oberste et al., 2019, 2021; Pontifex et al., 2019)
or functional brain activity patterns (Mehren et al., 2019).
Moreover, there is a good theoretical rationale that the
exercise prescription influences the interindividual response
variability of neurocognitive outcomes (Herold et al., 2019).
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However, to the best of our knowledge, no empirical study
has adequately addressed this point.

Recently published studies, which focused on the
interindividual variability of cognitive outcomes to acute physical
exercises, have not comprehensively addressed these issues.
Hence, proper results to derive new insights for this field of
science are missing. For instance, the study of Schwarck et al.
(2019) applied two types of running exercise protocols including
moderate-intensity continuous exercise (MICE) at 40-59%
VO,ax and high-intensity interval exercise (HIIE; 5 x 2 min
intervals at 90% VO,y,,x interspersed with 3 min active recovery
at 40% VOyyax). By using both different exercise intensities
and different modes of exercise protocols (MICE and HIIE),
not only the exercise intensity (as only discussed by the authors)
but also the mode of exercise is different (Jiménez-Pavén and
Lavie, 2017a,b; Jiménez-Pavon et al, 2019). Thus, a physical
exercise intervention including more than one modification
on exercise prescription does not allow to infer which independent
variable (i.e., intensity vs. mode) has influenced the dependent
variable (e.g., acute changes in cognitive performance) and
thus no comprehensive insights can be obtained with regard
to a dose-response relationship.

Recommendations Regarding Modifiable
Exercise-Related Factors

In summary, unarguably more well-designed studies are needed
to appropriately address the question of how the adjustment
of exercise prescription influences the interindividual variability
in neurocognitive outcome parameters in response to acute
physical exercises (Herold et al., 2019, 2020b,c).

A crucial point to rule out the influence of exercise-related
factors on interindividual variability of neurocognitive outcomes
is to appropriately define and report the exact exercise
prescription. In this context, we strongly recommend to report
parameters of external and internal load to characterize the
exercise regime (Gronwald et al, 2019; Herold et al, 2019,
2020a,c). Adhering to this recommendation will allow for a
better comparison across different studies (Gronwald et al,
2019; Herold et al., 2020a,c). In this context, external load is
characterized as the work that an individual performs regardless
of internal characteristics, whereas the internal load is defined
as the individual and acute psychophysiological response (e.g.,
physiological, psychological, motor, and biomechanical responses)
to the external load. This response is influenced by lifestyle
(e.g., diet and sleep) and environmental factors (e.g., climate
and equipment) (Wallace et al., 2009; Halson, 2014; Soligard
et al., 2016; Bourdon et al,, 2017; Burgess, 2017; Vanrenterghem
et al, 2017; McLaren et al., 2018; Impellizzeri et al., 2019).
In the context of exercise prescription, the external load should
be carefully adjusted to obtain an interindividually comparable
internal load which is important to achieve a certain “dose”
(Gronwald and Budde, 2019; Herold et al., 2019, 2020b,c;
Gronwald et al., 2020b).

All available studies which investigated interindividual
differences in cognitive performance in response to an acute
bout of physical exercises based their exercise prescription on
specific percentages of VO,ux (Schwarck et al., 2019), respectively

VO, ppax (Yamazaki et al., 2017, 2018). However, it is still a
matter of an ongoing debate which is the most suitable parameter
to prescribe exercise intensity in endurance exercises (Hofmann
and Tschakert, 2010; Tschakert and Hofmann, 2013; Jamnick
et al., 2020), and this debate has recently reached the field of
exercise-cognition research, too (Gronwald et al., 2018, 2019;
Suwabe et al., 2018; Herold et al., 2019, 2020b). In course of
this debate, a strong theoretical rationale has been developed,
suggesting that alternative approaches of exercise prescription
should be tested and applied in the field of exercise-cognition
research (Herold et al, 2019, 2020b). In particular, it was
hypothesized that an exercise intensity prescription (considering
influencing factors such as exercise-specific adaptations and
performance level), which uses the individual lactate-level
(Herold et al., 2019) or the individual brain oxygenation pattern
(Herold et al., 2020b) to gauge exercise intensity, can lead to
valuable insights regarding interindividual differences in cognitive
performance in response to acute physical exercises.

In brief, although this perspective article cannot discuss all
possible approaches of exercise (intensity) prescription in full
detail, we want to stress that the current gold-standard methods
of exercise intensity prescription which are based on fixed-
percentages of maximal values [e.g., VO,y,x or maximal heart
rate (HRyax)] cannot be recommended unreservedly because
they can lead to high interindividual variability in other internal
load parameters (e.g., lactate) (Hofmann and Tschakert, 2010;
Tschakert and Hofmann, 2013; Herold et al, 2019; Iannetta
et al., 2020; Jamnick et al., 2020). Thus, we strongly advocate
for the investigation of alternative approaches of exercise intensity
prescriptions in the field of exercise-cognition science (Herold
et al.,, 2019, 2020b). Based on recent overview articles on this
topic (Mann et al., 2013; Jamnick et al, 2020; Meyler et al.,
2021), we recommend to use submaximal anchors of respiratory
or/and metabolic parameters (e.g., ventilatory or lactate
thresholds) as a proxy of aerobic and anaerobic threshold
marker for exercise intensity prescription. A limitation of
threshold concepts, which needs to be acknowledged, is that
depending on the intensity domain, some of the threshold
concepts are more valid than others (Jamnick et al., 2020).
In addition, there is a strong theoretical basis for the application
of these submaximal threshold concepts to prescribe exercise
intensity in endurance-type exercises. However, the challenges
and pitfalls in determining these individual thresholds (e.g.,
the need of verification of threshold markers in two to three
additional visits) may explain why many researchers continue
to favor exercise intensity prescriptions based on fixed percentages
of maximum values (Hofmann and Tschakert, 2010; Mann
et al., 2013; Herold et al., 2019). Hence, the effort of including
threshold-based concepts may generate the same individual
variation in internal load parameters as the prescription with
fixed-percentage of maximum values when no additional
verification is performed (Mann et al, 2013).

In conclusion, none of the methods for exercise intensity
prescription is without limitations. The most appropriate concept
for acute exercise-cognition in our view is to include multiple
factors (e.g., exercise intensity domain, number and characteristics
of participants, and study resources) and to find a compromise
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between scientific best practice recommendations and practical
constraints (e.g., study resources and/or technology; Mann
et al., 2013). In this context, recently introduced approaches
which are based on system dynamic interactions and the analysis
of non-linear features of heart rate variability appear to be a
promising alternative to traditional approaches as they enable
real-time monitoring of exercise intensity distribution, at least
for the lower intensity domains (Gronwald and Hoos, 2019;
Gronwald et al, 2020a; Rogers and Gronwald, 2021;
Rogers et al., 2021a,b).

Modifiable Non-Exercise-Related Factors
As shown in Figure 1, there are several different sources
contributing to the observed interindividual variability in a
specific outcome parameter. Thus, in addition to exercise-related
factors, also the influence of modifiable non-exercise related
acute and chronic factors (e.g., diet, sleep, environmental factors,
psychological stress, motivation, fatigue, or recovery status)
needs to be considered. In this context, there is some evidence
that there are individual differences in response to diets (Ordovas
et al., 2018; Hughes, 2019; Morand and Tomas-Barberan, 2019;
Zeisel, 2020), to sleep e.g., affected by sleep patterns (Nedelec
et al., 2018) or to sleep loss (Tkachenko and Dinges, 2018).
Hence, it is not surprising that considerable efforts have been
undertaken to individualize nutritional interventions (de Roos
and Brennan, 2017; Hughes, 2019; Zeisel, 2020) or sleep
interventions (Nedelec et al., 2018; Walsh et al., 2020c). However,
the influence of diet and sleep on interindividual response
variability in neurocognitive outcome parameters after an acute
bout of physical exercises has, to the best of our knowledge,
not been investigated so far.

In addition, environmental influencing factors (e.g., climatic
and geographic conditions) and the actual state of the level
of psychophysiological capacity (including abilities like
cardiorespiratory fitness/performance level) should also
be considered to compare the effects of acute physical exercise
regarding interindividual response variability (Gronwald and
Budde, 2019; Herold et al., 2019; Gronwald et al., 2020b). For
example, it has been observed that the effects of acute physical
exercises on cognitive performance (Chang et al., 2012; Oberste
et al,, 2019) or functional brain activation patterns (Li et al.,
2019; Ludyga et al, 2019; Cui et al, 2020) are modulated by
the level of cardiorespiratory fitness or by regular physical
activity level.

Moreover, there is evidence in the literature (i) that
environmental factors (e.g., acute hypoxia) influence cognitive
performance (Taylor et al., 2015; McMorris et al., 2017; Martin
et al,, 2019; Ando et al., 2020), (ii) that there are considerable
interindividual differences in acute and chronic responses (e.g.,
cardiorespiratory response hemoglobin mass) to this factors
(e.g., acute and chronic hypoxia) (Chapman et al, 1998;
Friedmann et al., 2005; Chapman, 2013; Divert et al., 2015;
Nummela et al., 2021), and (iii) that there is some degree of
interindividual variability concerning acute physical and cognitive
performance in environmental challenging conditions (e.g.,
hypoxia) (Walsh et al., 2020b). Interestingly, Walsh et al. (2020b)
noticed that a higher hemoglobin concentration at high altitude

was associated with a decline in cognitive performance in digit
symbol substitution task following exercise at high altitude,
which suggest a potential neurobehavioral relationship between
individual physiological responses and changes in cognitive
performance. However, the interaction of acute physical exercises
and environmental factors (e.g., hypoxia and temperature) on
interindividual variability in neurocognitive outcomes has, so
far, not been extensively studied and needs further well-designed
investigations to draw robust conclusions.

Collectively, these findings support the idea that the individual
level of capacity of several abilities and individual differences
in physiological responses are, among others, factors that contribute
to the observed interindividual response variability. However,
we have only an inchoate knowledge about what exact proportion
of interindividual response variability is explained by the level
of capacity or physiological responses (e.g., in relation to other
modifiable non-exercise-related factors such as nutrition or sleep).

Summarizing the evidence presented in this section, it seems
reasonable to assume that modifiable non-exercise-related lifestyle
and personal factors can contribute to the interindividual
response variability in the outcome parameter of interest in
the context of acute physical exercises. However, we still have
only an incomplete understanding to which exact extent these
modifiable  non-exercise-related  personal lifestyle and
environmental factors can explain the interindividual response
variability in neurocognitive outcome parameters after an acute
bout of physical exercises. This, in turn, calls for further research
in this direction.

Recommendations Regarding Modifiable
Non-Exercise-Related Factors
We recommend the following strategies which enable investigators
to account, at least for a certain extent, for the influence of
modifiable non-exercise-related factors: (i) test the physical
performance level appropriately and consider the information
from the test for exercise prescription, (ii) inform and ask the
participants to follow specific behaviors (e.g., advise the
participant to not consume ergogenic nutritional substance or
maintain adequate sleep habits within the study period), and
(iif) use questionnaires (e.g., to assess long-term diet habits
or sleep quality, sport-specific training background, and physical
training age) and/or activity trackers (e.g., to measure regular
physical activity level and sleep) to control for changes within
the study period. Such data (e.g., quality of sleep and sport-
specific training background) can be used in the statistical
analysis (e.g., as covariates) to quantify their contribution to
the observed interindividual variability in a neurocognitive
outcome parameter of interest (see section Considerations
regarding statistical analysis). From a practical point of view,
it should be kept in mind that it is difficult to consider and
quantify every possible modifiable non-exercise-related factor,
and thus it is a valid approach to focus on the most influential
ones being important to answer the specific research question(s).
Moreover, we recommend that future studies should assess
additional psychological factors (e.g., level of arousal, mood,
and expectations) to elucidate the sources of interindividual
response variability (Boot et al, 2013; Beedie et al,, 2018;
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Green et al.,, 2019; Lindheimer et al., 2019a,b). In this regard,
it has been observed that acute exercise-induced changes in
arousal levels are linked to changes in functional cortical
hemodynamics (Byun et al., 2014), whereas others found that
expectation effects are an unlikely explanation for most of
the variance in acute physical exercise-induced changes in
cognitive functions (Oberste et al., 2017). In order to examine
a possible influence of psychological factors, the use of a
placebo (sham) group that performs the same exercise but
without loading or without a target-specific dose may be helpful
(Beedie et al., 2018; Budde et al., 2018; Green et al., 2019;
Herold et al., 2020a,c). In this context, an appropriately designed
control condition (CC; e.g., sham group that exercises without
loading) can also help to “blind” the participants although
complete blinding of the participant in acute exercise
intervention studies is hardly possible as the participant is
aware if she/he is exercising (or not) and has, at least a
subjective feeling, at which exercise intensity she/he is exercising
(Ludyga et al., 2016; McSween et al., 2019). While the complete
blinding of the participants is not possible, we recommend,
in accordance with others, the blinding of the personnel
contributing to the study (e.g., assessor and data analyst), the
rigorous standardization of test procedures (e.g., standardized
encouragement), and to withheld information on the
hypothesized efficacy of the acute physical intervention from
the participants (if ethically possible) in order to minimize
the risk of bias (Hecksteden et al., 2018a).

Other Influencing Factors

Individual changes in specific outcome parameters have often
been investigated as a response to a specific physical exercise
intervention. Here, repeated measurements on the same subject
are needed (e.g., measurements prior to and after an acute
bout of physical exercises). Even if the gold standard method
is used, some measurement error and biological variability
are unavoidable so that a certain extent of the observed
interindividual response variability is caused by these above-
mentioned factors (Atkinson and Nevill, 1998; Atkinson and
Batterham, 2015; Hopkins, 2015; Swinton et al., 2018; Atkinson
et al., 2019; Ross et al., 2019; Bonafiglia et al., 2021a). Hence,
the understanding of the measurement error and biological
variability (both components are summarized in the term
typical error; Hopkins, 2000) is important to make trustworthy
interferences or assumptions about the inter- and intraindividual
varijability (Atkinson and Batterham, 2015; Williamson et al,,
2017; Atkinson et al., 2018; Bonafiglia et al, 2021a). In
particular, typical error has two main components: (i) systematic
bias (e.g., learning effects and difference in machine calibration)
and (ii) random error (e.g., intraindividual variability - e.g.,
caused by biological day-to-day variations). Theoretical
backgrounds are discussed in more detail elsewhere (Atkinson
and Nevill, 1998; Hopkins, 2000). Indeed, intraindividual
variability in cognitive performance is frequently reported in
the cognition literature in general (MacDonald et al., 2006)
and in the exercise-cognition literature in particular (Wu
et al., 2011; Moore et al.,, 2013; Bento-Torres et al., 2019;
Kao et al., 2019).

The understanding of intraindividual response variability
bears a great potential for a better understanding of the
interindividual response variability (Hecksteden et al., 2015,
2018b; Voisin et al., 2019; Chrzanowski-Smith et al., 2020).
In this respect, it was shown that for physiological outcomes
(e.g., citrate synthase maximal activity, protein content, and
capillary density), the repetition of exactly the same intervention
leads to a relatively high degree of intraindividual variability
in response to exactly the same physical exercise stimulus
which, in turn, can bias the assessment of interindividual
response variability (Islam et al, 2021).

It has to be acknowledged that there are several other
influencing factors contributing to interindividual response
variability, but an extensive discussion of all these factors is
beyond the scope of this perspective article. Hence, we focus
on two important ones, namely the time of day (circadian
rhythms) and how often cognitive tests are performed (e.g.,
learning effect or habitation effect).

With regard to the circadian rhythm, it has been shown
that the time of day influences cognitive performance considerably
(e.g., due to peak periods of circadian arousal; Dijk et al,
1992; Blatter and Cajochen, 2007; Schmidt et al., 2007; Anderson
et al., 2014; Burke et al, 2015; Hodyl et al., 2016; Iskandar
et al., 2016). These findings suggest that the time of day at
which the tests are performed should be standardized.
Unfortunately, information regarding this factor has been not
appropriately reported in available studies (Yamazaki et al,
2017, 2018; Schwarck et al., 2019) which support our claim
of a more rigorous study design (or, at least, the reporting of
study procedures).

With respect to repeated cognitive testing (CT), substantial
learning effects have been observed in various cohorts when
the same cognitive tests are performed several times (Calamia
et al,, 2012). Indeed, it has been observed that a considerable
degree of intraindividual day-to-day difference regarding the
effects of acute physical exercises on distinct outcome measures
(e.g., accuracy) is present, which could be, at least partly,
attributed to habituation effects (Donath et al., 2017; Pontifex
et al, 2019). In order to control for these learning effects,
comparisons of the effects of different experimental and control
interventions are recommended (Green et al., 2014, 2019).

All in all, these findings suggest that other influencing factors,
such as measurement error, time-of-day, and/or learning effects
are serious confounding factors in acute exercise-cognition
studies which have to be considered when interindividual
variability is analyzed.

Recommendations Regarding Other Influencing
Factors

A crucial step to account for other influencing factors is the
study design. The advantages and disadvantages of study designs
in the context of interindividual response variability have been
discussed in more detail elsewhere (Ross et al., 2019). The
most rigorous study design in the acute exercise-cognition setting
is the within-subject repeated (double) crossover design with
pre-post-test comparisons. When using this design (see Figure 2)
participants perform the cognitive test before and after the
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intervention condition (e.g., exercise condition or control
condition) and participate on separate days in both the exercise
condition(s) and the control condition, whereby the order is
counterbalanced across the participants (crossover). The strengths
of this design are (i) the reduction of potential subject-related
confounds (e.g., genotype) as the participants serve as their
own control, (ii) the possibility to account for possible day-to-day
variations in the reference measure of cognitive performance
(e.g., baseline shift) that can arise from the variety of influencing
factors such as habituation (learning) effects and/or changes
in psychological confounders (e.g., motivation), (iii) the assessment
of the influence of measurement error (e.g., using the data of
sham control condition that performs, for instance, a seated
rest while watching a non-arousing video or performs a sham
exercise with an insufficient loading), and (iv) the assessment
of intraindividual variability as each condition is conducted
twice (repeated/double crossover). A disadvantage of the within-
subject repeated (double) crossover design with pre-post-test
comparisons is the repeated conduction of the cognitive testing
that might leads to pronounced learning effects/ceiling effects.

However, in consideration of the above-mentioned strengths
of the within-subject repeated (double) crossover design with
pre-post-test comparisons (for a detailed discussion from a
statistical viewpoint, see Senn, 2016), we strongly recommend
that acute exercise studies aiming to investigate the interindividual
response variability in neurocognitive parameters use this study
design (for example, see Figure 2).

In addition, to further reduce the influence of learning
effects, an adequate familiarization with the testing procedures
is recommended and the detailed steps of these procedures
should be transparently reported (e.g., When was a plateau
in performance reached? or Which level of accuracy was accepted?;
McMorris, 2016; Donath et al., 2017). This point is particularly
important because we know that a considerable (day-to-day)
habitation effect occurs with respect to changes of cognitive
performance (e.g., change scores of executive functions) in
response to an acute bout of aerobic exercises (Donath et al.,
2017; Pontifex et al., 2019). Another approach to account for
learning/habituation is to model the learning effect by using

the data of a control group that performed repeated testing
(e.g., by determining z-scores as done by Walsh et al., 2020b
or by calculating linear-mixed effects models).

Of note, our conclusions concerning the effect of acute
physical exercises on neurocognitive outcomes typically rely on
the comparison of exercise condition and control condition.
Thus, close attention should be paid to an appropriately designed
control condition. An important function of the control condition
is, for instance, to control for possible time effects. Consequently,
it is a common standard to use equal time intervals in exercise
condition(s) and the control condition (e.g., seated rest; Pontifex
et al,, 2009; Chang et al., 2011; Budde et al., 2012; Basso et al,,
2015; Hwang et al.,, 2016; Ludyga et al., 2017; Yamazaki et al,,
2018). For example, in study of Schwarck et al. (2019), the
total duration of the experimental sessions varied considerably
between the exercise and the control groups. In particular, while
the exercise groups performed treadmill running for 35 min
(including warm-up and cool-down), the control group was
sitting for only 10 min. Because of the time difference of 25 min
between exercise groups and control group, the interpretation
of the results of this study is somewhat hampered. Hence,
we propose to apply rigorous study designs so that solid
conclusions about the interindividual variability in neurocognitive
outcomes in response to acute physical exercises can be drawn.

In this regard, the selection of an appropriate control condition
is of uttermost importance because our conclusions regarding
acute exercise-related effects on cognitive performance are
commonly based on statistical comparisons of an exercise to
a control condition (Green et al., 2014; Pontifex et al., 2019).
Currently, no general consensus has been achieved on the
issue of which is the most appropriate control condition but
it is undoubted that an active control condition is favorable
(Green et al.,, 2014, 2019). In this context, it is important to
emphasize that we define active control condition as a control
condition in which the experimenter has contact with the
participants (contact-control condition; Green et al., 2014). Thus,
active does not refer to the level of physical activity in the
control condition. This means that physically passive activities
such as being seated at rest are included in term active control

| 1 |
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oy o) oy @
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Screening session
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[57 Assessment of additional biopsychosocial factors (e.g., via arousal questionnaire)
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t; t; t

3 days in-between

4™ session

3 session

FIGURE 2 | Schematic illustration of the study design “within-subject repeated (double) crossover design with pre-post-test comparisons” recommended to
investigate the effects of an acute bout of physical exercises on cognitive performance. Please note that the order of the exercise and control conditions should

be randomized. To investigate, for example, the effects of exercise intensity (high intensity vs. moderate intensity), two additional sessions would have to be added.
In this context, we recommend to compare high-intensity interval exercise (HIIE) with moderate-intensity interval exercise (MIIE). If it is aimed to receive more details
in regard to the relationship between the amount of exercise intensity and cognition (e.g., U-shaped relationship), at least three exercise intensities should

be compared (e.g., light-, moderate-, and high-intensity interval exercise). The sessions t0, t1, t2, and t3, and t4 are separated each by 3 days (note: the relatively
short duration between the sessions allows a standardization of the menstrual cycle phase for female participants with the inclusion of 4-5 sessions in the follicular
phase and still ensure a sufficiently long period for recovery after e.g., high-intensity physical exercise; Elliott-Sale et al., 2021). *indicates that cognitive testing during
the initial session can be used to adequately habituate participants with the cognitive tests and testing protocol. CT, cognitive testing; CC, control condition; GXT,
graded exercise test (e.g., running on a treadmill); HIIE, high-intensity interval exercise (i.e., running).
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given the experimenter has contact with the participant. In
exercise cognition research, the control condition commonly
consists of (i) seated rest coupled with a non-arousing activity,
such as reading, listening to an audio recording, or watching
a video, or (ii) performing another physical exercise (sham
exercise) which do not pose an adequate dose to induce
considerable effects (e.g., stretching or toning exercise, performing
exercises with no load) (Green et al., 2014; Pontifex et al.,
2019). In general, an appropriate control condition should aim
to isolate the characteristics of interest (e.g., exercise-related
neurobiological processes leading to the improvement of cognitive
performance after an acute bout of physical exercises) while
minimizing the influence of confounders (e.g., socioemotional
changes in motivation) (Green et al., 2014, 2019; Pontifex et al.,
2019). In this context, important factors such as the research
question/aim and the research setting, (e.g., ecological valid
setting such as school) need also to be considered (Green
et al., 2014, 2019; Pontifex et al., 2019) and thus no universal
recommendation concerning the most appropriate control
condition can be provided. However, a relatively straightforward
approach to isolate the effects of acute physical exercises on
neurocognitive parameters (at least in a laboratory-based setting)
is to perform the “control activity” in both the control condition
and the exercise condition (e.g., watching a non-arousing video
while being in seated rest and while cycling).

In summary, researchers in this field are strongly encouraged
to use a rigorous study design to draw solid conclusions
regarding the interindividual response variability (e.g., of
neurocognitive outcome parameters).

Considerations Regarding the Statistical Analysis

An important part of the analysis of interindividual response
variability is the classification of responsiveness (e.g., being a
responder or non-responder). This point has been extensively
discussed in more detail elsewhere, and several methods have
been proposed to analyze interindividual variability (Atkinson
and Batterham, 2015; Hecksteden et al., 2015, 2018b; Bonafiglia
et al,, 2016, 2018, 2019, 2021a; Swinton et al., 2018; Atkinson
et al,, 2019; Voisin et al,, 2019; Dankel and Loenneke, 2020a,b;
Tenan et al., 2020; Padilla et al., 2021; Sainani et al., 2021). In
this context, others prefer a characterization of responsiveness
using a more statistical viewpoint (e.g., probability or likelihood
of response; Walsh et al., 2020a,b). However, although currently
no general consensus has been reached regarding a classification
approach, a dichotomization, such as being a responder vs.
being a non-responder, seems to be a non-favorable strategy
for most outcome parameters as by doing so we fail to understand
the “50 shades of responders” (e.g., the contribution of the
different determinants that causes interindividual response
variability; Senn, 2018; Atkinson et al., 2019). Hence, sophisticated
analysis methods need to be applied in further studies. This,
in turn, necessitates a stronger collaboration between exercise
scientists and statisticians and/or data scientists (e.g., to use
artificial intelligence, such as machine learning algorithms,
Bayesian interference, or account for the effect of RTM) which
has been recently called for Sainani et al. (2021). However,
although appropriate statistical analysis is undoubtedly a crucial

aspect to derive solid conclusions, it cannot offset the limitation
arising from a poor study design which, in turn, supports our
claim to use a rigorous study design.

Additionally, it should be noted that the responsiveness is
outcome parameter specific (Pickering and Kiely, 2018) which
means that there can be an improvement in one parameter (e.g.,
favorable change in cerebral hemodynamic response) while another
parameter has not changed (e.g., behavioral performance). In this
context, further research should also address the practical relevance
of interindividual differences in cognitive performance in response
to an acute bout of physical exercises in more detail. In this
regard, the size of the test battery (conducting several cognitive
tests) could be of interest as it allows to calculate latent variables
[an unobserved (latent) variable calculated based on the performance
in a specific set of cognitive tests] and/or a composite score
which can be of importance to draw further conclusions. The
advantages and disadvantages of such an approach and further
methodological aspects regarding cognitive testing (e.g., near and
far transfer effect) are discussed elsewhere in more detail (Green
et al., 2014, 2019; Liu-Ambrose et al., 2018; Moreau and Wiebels,
2021). In this context, there is some evidence in the literature
that cognitive tests showing reliable effects at the group level are
not well-situated to detect individual differences (Draheim et al.,
2021). Thus, the development of new cognitive tests being better
suited for interindividual variability research can be a promising
avenue to further elucidate interindividual differences in cognitive
outcomes in response to acute physical exercises.

CONCLUSION

The investigation of the interindividual variability of outcome
parameters (e.g., neurocognition) in response to physical exercises
is undoubtedly an important research field when one considers
the need to develop efficient, physical exercise-based
interventions to promote neurocognitive health. Given that
several factors contribute to the phenomenon of interindividual
response variability (shown in Figure 1), a rigorous study
design is mandatory to draw solid conclusions about the
influence of a single factor (e.g., exercise variables such as
exercise intensity). Hence, we recommend that future studies
in the research field of exercise-cognition should pay stronger
attention to a more rigorous study design (shown in Figure 2),
taking into account several factors that may have an influence
on the results. Here, further studies should also consider, in
particular, the effects of exercise prescription according to
external load, internal load, and influencing factors in order
to understand the interindividual response variability in
neurocognitive outcome measures (Gronwald and Budde, 2019;
Herold et al., 2019, 2020b,c; Gronwald et al., 2020b).

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can
be directed to the corresponding author.

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Herold et al.

Rigorous Study Design in Exercise-Cognition-Research

AUTHOR CONTRIBUTIONS

FH and TG wrote the first draft of the article. AT, DH, HB, LZ,
TS, and NM reviewed and edited the drafted versions. All authors
contributed to the article and approved the submitted version.

REFERENCES

Alvarez-Romero, J., Voisin, S., Eynon, N., and Hiam, D. (2020). Mapping robust
genetic variants associated with exercise responses. Int. J. Sports Med. 42,
3-18. doi: 10.1055/a-1198-5496

Anderson, J. A. E.,, Campbell, K. L., Amer, T.,, Grady, C. L., and Hasher, L.
(2014). Timing is everything. Age differences in the cognitive control network
are modulated by time of day. Psychol. Aging 29, 648-657. doi: 10.1037/
20037243

Ando, S., Komiyama, T., Sudo, M., Higaki, Y., Ishida, K., Costello, J. T, et al.
(2020). The interactive effects of acute exercise and hypoxia on cognitive
performance: a narrative review. Scand. J. Med. Sci. Sports 30, 384-398. doi:
10.1111/sms.13573

Anokhin, A. P, Heath, A. C., and Ralano, A. (2003). Genetic influences on
frontal brain function: WCST performance in twins. Neuroreport 14, 1975-1978.
doi: 10.1097/00001756-200310270-00019

Anokhin, A. P, Miiller, V., Lindenberger, U, Heath, A. C., and Myers, E.
(2006). Genetic influences on dynamic complexity of brain oscillations.
Neurosci. Lett. 397, 93-98. doi: 10.1016/j.neulet.2005.12.025

Atkinson, G., and Batterham, A. M. (2015). True and false interindividual
differences in the physiological response to an intervention. Exp. Physiol.
100, 577-588. doi: 10.1113/EP085070

Atkinson, G., and Nevill, A. M. (1998). Statistical methods for assessing
measurement error (reliability) in variables relevant to sports medicine.
Sports Med. 26, 217-238. doi: 10.2165/00007256-199826040-00002

Atkinson, G., Williamson, P, and Batterham, A. M. (2018). Exercise training
response heterogeneity: statistical insights. Diabetologia 61, 496-497. doi:
10.1007/s00125-017-4501-2

Atkinson, G., Williamson, P, and Batterham, A. M. (2019). Issues in the
determination of 'responders' and 'non-responders' in physiological research.
Exp. Physiol. 104, 1215-1225. doi: 10.1113/EP087712

Barha, C. K., Davis, J. C,, Falck, R. S., Nagamatsu, L. S., and Liu-Ambrose, T.
(2017a). Sex differences in exercise efficacy to improve cognition: a systematic
review and meta-analysis of randomized controlled trials in older humans.
A systematic review and meta-analysis of randomized controlled trials in
older humans. Front. Neuroendocrinol. 46, 71-85. doi: 10.1016/j.yfrne.2017.04.002

Barha, C. K,, Falck, R. S., Skou, S. T., and Liu-Ambrose, T. (2021a). Personalising
exercise recommendations for healthy cognition and mobility in ageing:
time to consider one’s pre-existing function and genotype (part 2). Br. J.
Sports Med. 55, 301-303. doi: 10.1136/bjsports-2020-102865

Barha, C. K,, Falck, R. S., Skou, S. T., and Liu-Ambrose, T. (2021b). Personalising
exercise recommendations for healthy cognition and mobility in aging: time
to address sex and gender (part 1). Br. J. Sports Med. 55, 300-301. doi:
10.1136/bjsports-2020-102864

Barha, C. K., Galea, L. A., Nagamatsu, L. S., Erickson, K. I., and Liu-Ambrose, T.
(2017b).  Personalising exercise recommendations for brain health.
Considerations and future directions. Br. J. Sports Med. 51, 636-639. doi:
10.1136/bjsports-2016-096710

Barha, C. K, Hsu, C.-L., Ten Brinke, L., and Liu-Ambrose, T. (2019). Biological
sex: a potential moderator of physical activity efficacy on brain health.
Front. Aging Neurosci. 11:329. doi: 10.3389/fnagi.2019.00329

Barha, C. K., and Liu-Ambrose, T. (2018). Exercise and the aging brain:
considerations for sex differences. Brain Plast. 4, 53-63. doi: 10.3233/
BPL-180067

Barha, C. K., and Liu-Ambrose, T. (2020). Sex differences in exercise efficacy:
is midlife a critical window for promoting healthy cognitive aging? FASEB
J. 34, 11329-11336. doi: 10.1096/1).202000857R

Barnett, A. G., van der Pols, J. C., and Dobson, A. J. (2005). Regression to
the mean: what it is and how to deal with it. Int. J. Epidemiol. 34, 215-220.
doi: 10.1093/ije/dyh299

ACKNOWLEDGMENTS

The authors would like to thank the reviewers for their
constructive feedback that clearly improved the quality of
the manuscript.

Basso, J. C., Shang, A., Elman, M., Karmouta, R., and Suzuki, W. A. (2015).
Acute exercise improves prefrontal cortex but not hippocampal function in
healthy adults. J. Int. Neuropsychol. Soc. 21, 791-801. doi: 10.1017/
S135561771500106X

Beedie, C., Benedetti, F, Barbiani, D., Camerone, E., Cohen, E., Coleman, D,
et al. (2018). Consensus statement on placebo effects in sports and exercise:
the need for conceptual clarity, methodological rigour, and the elucidation
of neurobiological mechanisms. Eur. J. Sport Sci. 18, 1383-1389. doi:
10.1080/17461391.2018.1496144

Bento-Torres, J., Bento-Torres, N. V. O,, Stillman, C. M., Grove, G. A., Huang, H.,
Uyar, E, et al. (2019). Associations between cardiorespiratory fitness, physical
activity, intraindividual variability in behavior, and cingulate cortex in younger
adults. J. Sport Health Sci. 8, 315-324. doi: 10.1016/j.jshs.2019.03.004

Blatter, K., and Cajochen, C. (2007). Circadian rhythms in cognitive performance:
methodological constraints, protocols, theoretical underpinnings. Physiol.
Behav. 90, 196-208. doi: 10.1016/j.physbeh.2006.09.009

Blokland, G. A. M., McMahon, K. L., Hoffman, J., Zhu, G., Meredith, M.,
Martin, N. G., et al. (2008). Quantifying the heritability of task-related
brain activation and performance during the N-back working memory task:
a twin fMRI study. Biol. Psychol. 79, 70-79. doi: 10.1016/j.biopsycho.2008.03.006

Bonafiglia, J. T., Brennan, A. M., Ross, R., and Gurd, B. J. (2019). An appraisal
of the SDIR as an estimate of true individual differences in training
responsiveness in parallel-arm exercise randomized controlled trials. Phys.
Rep. 7:€14163. doi: 10.14814/phy2.14163

Bonafiglia, J. T,, Islam, H., Preobrazenski, N., Ma, A., Deschenes, M., Erlich, A. T.,
et al. (2021a). Examining interindividual differences in select muscle and
whole-body adaptations to continuous endurance training. Exp. Physiol. doi:
10.1113/EP089421 [Epub ahead of print].

Bonafiglia, J. T., Nelms, M. W., Preobrazenski, N., LeBlanc, C., Robins, L.,
Lu, S., et al. (2018). Moving beyond threshold-based dichotomous classification
to improve the accuracy in classifying non-responders. Phys. Rep. 6:e13928.
doi: 10.14814/phy2.13928

Bonafiglia, J. T., Preobrazenski, N., Islam, H., Walsh, J. ]., Ross, R., Johannsen, N. M.,
et al. (2021b). Exploring differences in cardiorespiratory fitness response
rates across varying doses of exercise training: a retrospective analysis of
eight randomized controlled trials. Sports Med. doi: 10.1007/s40279-021-01442-9
[Epub ahead of print].

Bonafiglia, J. T., Rotundo, M. P, Whittall, J. P,, Scribbans, T. D., Graham, R. B,,
and Gurd, B. J. (2016). Inter-individual variability in the adaptive responses
to endurance and sprint interval training: a randomized crossover study.
PLoS One 11:¢0167790. doi: 10.1371/journal.pone.0167790

Boot, W. R., Simons, D. J., Stothart, C., and Stutts, C. (2013). The pervasive
problem with placebos in psychology: why active control groups are not
sufficient to rule out placebo effects. Perspect. Psychol. Sci. 8, 445-454. doi:
10.1177/1745691613491271

Bouchard, C. (2012). Genomic predictors of trainability. Exp. Physiol. 97,
347-352. doi: 10.1113/expphysiol.2011.058735

Bouchard, C. (2019). DNA sequence variations contribute to variability in fitness
and trainability. Med. Sci. Sports Exerc. 51, 1781-1785. doi: 10.1249/
MSS.0000000000001976

Bouchard, C., An, P, Rice, T., Skinner, J. S., Wilmore, J. H., Gagnon, J., et al.
(1999). Familial aggregation of VO(2max) response to exercise training:
results from the HERITAGE family study. J. Appl. Physiol. 87, 1003-1008.
doi: 10.1152/jappl.1999.87.3.1003

Bouchard, C., Antunes-Correa, L. M., Ashley, E. A., Franklin, N., Hwang, P. M.,
Mattsson, C. M., et al. (2015). Personalized preventive medicine: genetics
and the response to regular exercise in preventive interventions. Prog.
Cardiovasc. Dis. 57, 337-346. doi: 10.1016/j.pcad.2014.08.005

Bouchard, C., Sarzynski, M. A., Rice, T. K., Kraus, W. E., Church, T. S,
Sung, Y. ], et al. (2011). Genomic predictors of the maximal O, uptake

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1055/a-1198-5496
https://doi.org/10.1037/a0037243
https://doi.org/10.1037/a0037243
https://doi.org/10.1111/sms.13573
https://doi.org/10.1097/00001756-200310270-00019
https://doi.org/10.1016/j.neulet.2005.12.025
https://doi.org/10.1113/EP085070
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.1007/s00125-017-4501-2
https://doi.org/10.1113/EP087712
https://doi.org/10.1016/j.yfrne.2017.04.002
https://doi.org/10.1136/bjsports-2020-102865
https://doi.org/10.1136/bjsports-2020-102864
https://doi.org/10.1136/bjsports-2016-096710
https://doi.org/10.3389/fnagi.2019.00329
https://doi.org/10.3233/BPL-180067
https://doi.org/10.3233/BPL-180067
https://doi.org/10.1096/fj.202000857R
https://doi.org/10.1093/ije/dyh299
https://doi.org/10.1017/S135561771500106X
https://doi.org/10.1017/S135561771500106X
https://doi.org/10.1080/17461391.2018.1496144
https://doi.org/10.1016/j.jshs.2019.03.004
https://doi.org/10.1016/j.physbeh.2006.09.009
https://doi.org/10.1016/j.biopsycho.2008.03.006
https://doi.org/10.14814/phy2.14163
https://doi.org/10.1113/EP089421
https://doi.org/10.14814/phy2.13928
https://doi.org/10.1007/s40279-021-01442-9
https://doi.org/10.1371/journal.pone.0167790
https://doi.org/10.1177/1745691613491271
https://doi.org/10.1113/expphysiol.2011.058735
https://doi.org/10.1249/MSS.0000000000001976
https://doi.org/10.1249/MSS.0000000000001976
https://doi.org/10.1152/jappl.1999.87.3.1003
https://doi.org/10.1016/j.pcad.2014.08.005

Herold et al.

Rigorous Study Design in Exercise-Cognition-Research

response to standardized exercise training programs. J. Appl. Physiol. 110,
1160-1170. doi: 10.1152/japplphysiol.00973.2010

Bourdon, P. C,, Cardinale, M., Murray, A., Gastin, P, Kellmann, M., Varley, M. C.,
et al. (2017). Monitoring athlete training loads. Consensus statement. Intf.
J. Sports Physiol. Perform. 12, $2161-S2170. doi: 10.1123/IJSPP.2017-0208

Bratland-Sanda, S., Pedersen, F. G., Haave, M. N., Helgerud, J., and Steren, Q.
(2020). Large inter-individual differences in responses to a block of high
intensity aerobic interval training: a case series in national-level cyclists
and triathletes. Int. J. Exerc. Sci. 13, 480-487.

Budde, H., Akko, D. P, Ainamani, H. E., Murillo-Rodriguez, E., and Weierstall, R.
(2018). The impact of an exercise training intervention on cortisol levels
and post-traumatic stress disorder in juveniles from an Ugandan refugee
settlement: study protocol for a randomized control trial. Trials 19:364. doi:
10.1186/513063-018-2753-x

Budde, H., Brunelli, A., Machado, S., Velasques, B., Ribeiro, P., Arias-Carrion, O.,
et al. (2012). Intermittent maximal exercise improves attentional performance
only in physically active students. Arch. Med. Res. 43, 125-131. doi: 10.1016/j.
arcmed.2012.02.005

Budde, H., Voelcker-Rehage, C., Pietrabyk-Kendziorra, S., Ribeiro, P, and
Tidow, G. (2008). Acute coordinative exercise improves attentional performance
in adolescents. Neurosci. Lett. 441, 219-223. doi: 10.1016/j.neulet.2008.06.024

Budde, H., Voelcker-Rehage, C., Pietrassyk-Kendziorra, S., Machado, S., Ribeiro, P,
and Arafat, A. M. (2010). Steroid hormones in the saliva of adolescents
after different exercise intensities and their influence on working memory
in a school setting. Psychoneuroendocrinology 35, 382-391. doi: 10.1016/j.
psyneuen.2009.07.015

Bueller, J. A., Aftab, M., Sen, S., Gomez-Hassan, D., Burmeister, M., and
Zubieta, J.-K. (2006). BDNF Val66Met allele is associated with reduced
hippocampal volume in healthy subjects. Biol. Psychiatry 59, 812-815. doi:
10.1016/j.biopsych.2005.09.022

Burgess, D. J. (2017). The research doesn’t always apply. Practical solutions to
evidence-based training-load monitoring in elite team sports. Int. J. Sports
Physiol. Perform. 12, S2136-S2141. doi: 10.1123/ijspp.2016-0608

Burke, T. M., Scheer, E A. J. L., Ronda, J. M., Czeisler, C. A., and Wright, K. P.
(2015). Sleep inertia, sleep homeostatic and circadian influences on higher-
order cognitive functions. J. Sleep Res. 24, 364-371. doi: 10.1111/jsr.12291

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., et al. (2014).
Positive effect of acute mild exercise on executive function via arousal-
related prefrontal activations: an fNIRS study. Neurolmage 98, 336-345. doi:
10.1016/j.neuroimage.2014.04.067

Calamia, M., Markon, K., and Tranel, D. (2012). Scoring higher the second
time around: meta-analyses of practice effects in neuropsychological assessment.
Clin. Neuropsychol. 26, 543-570. doi: 10.1080/13854046.2012.680913

Caspersen, C. J., Powell, K. E., and Christenson, G. M. (1985). Physical activity,
exercise, and physical fitness. Definitions and distinctions for health-related
research. Public Health Rep. 100, 126-131.

Cermakova, P, Formanek, T., Kagstrom, A., and Winkler, P. (2018). Socioeconomic
position in childhood and cognitive aging in Europe. Neurology 91, e1602-€1610.
doi: 10.1212/WNL.0000000000006390

Chan, M. Y., Na, J,, Agres, P. F, Savalia, N. K., Park, D. C,, and Wig, G. S.
(2018). Socioeconomic status moderates age-related differences in the brain’s
functional network organization and anatomy across the adult lifespan. Proc.
Natl. Acad. Sci. U. S. A. 115, E5144-E5153. doi: 10.1073/pnas.1714021115

Chang, Y. K., Labban, J. D., Gapin, J. I, and Etnier, J. L. (2012). The effects
of acute exercise on cognitive performance: a meta-analysis. Brain Res. 1453,
87-101. doi: 10.1016/j.brainres.2012.02.068

Chang, Y.-K., Tsai, C.-L., Hung, T.-M., So, E. C., Chen, E-T., and Etnier, J. L.
(2011). Effects of acute exercise on executive function: a study with a tower
of London task. J. Sport Exerc. Psychol. 33, 847-865. doi: 10.1123/jsep.33.6.847

Chapman, R. E (2013). The individual response to training and competition
at altitude. Br. J. Sports Med. 47, i40-i44. doi: 10.1136/bjsports-2013-092837

Chapman, R. E, Stray-Gundersen, J., and Levine, B. D. (1998). Individual
variation in response to altitude training. J. Appl. Physiol. 85, 1448-1456.
doi: 10.1152/jappl.1998.85.4.1448

Chiolero, A., Paradis, G., Rich, B., and Hanley, J. A. (2013). Assessing the
relationship between the baseline value of a continuous variable and subsequent
change over time. Front. Public Health 1:29. doi: 10.3389/fpubh.2013.00029

Chrzanowski-Smith, O. J., Piatrikova, E., Betts, J. A., Williams, S., and Gonzalez, ]. T.
(2020). Variability in exercise physiology: can capturing intra-individual

variation help better understand true inter-individual responses? Eur. J. Sport
Sci. 20, 452-460. doi: 10.1080/17461391.2019.1655100

Costa, A. M., Breitenfeld, L., Silva, A. J., Pereira, A., Izquierdo, M., and
Marques, M. C. (2012). Genetic inheritance effects on endurance and muscle
strength: an update. Sports  Med. 42,  449-458. doi:
10.2165/11650560-000000000-00000

Cui, J., Zou, L., Herold, E, Yu, Q. Jiao, C., Zhang, Y., et al. (2020). Does
cardiorespiratory fitness influence the effect of acute aerobic exercise on
executive function? Front. Hum. Neurosci. 14:569010. doi: 10.3389/
fnhum.2020.569010

Dankel, S. J., and Loenneke, J. P. (2020a). A method to stop analyzing random
error and start analyzing differential responders to exercise. Sports Med.
50, 231-238. doi: 10.1007/s40279-019-01147-0

Dankel, S. J., and Loenneke, J. P. (2020b). Authors' reply to Tenan et al: “A
method to stop analyzing random error and start analyzing differential responders
to exercise” Sports Med. 50, 435-437. doi: 10.1007/s40279-019-01250-2

de Roos, B., and Brennan, L. (2017). Personalised interventions-a precision
approach for the next generation of dietary intervention studies. Nutrients
9:847. doi: 10.3390/nu9080847

Dijk, D. J., Duffy, J. E, and Czeisler, C. A. (1992). Circadian and sleep/wake
dependent aspects of subjective alertness and cognitive performance. J. Sleep
Res. 1, 112-117. doi: 10.1111/j.1365-2869.1992.tb00021.x

Divert, V. E., Krivoshchekov, S. G., and Vodyanitsky, S. N. (2015). Individual-
typological assessment of cardiorespiratory responses to hypoxia and
hypercapnia in young healthy men. Hum. Physiol. 41, 166-174. doi: 10.1134/
$036211971502005X

Donath, L., Ludyga, S., Hammes, D., Rossmeissl, A., Andergassen, N., Zahner, L.,
et al. (2017). Absolute and relative reliability of acute effects of aerobic
exercise on executive function in seniors. BMC Geriatr. 17:247. doi: 10.1186/
s12877-017-0634-x

Draheim, C., Tsukahara, J. S., Martin, J. D., Mashburn, C. A., and Engle, R. W.
(2021). A toolbox approach to improving the measurement of attention
control. J. Exp. Psychol. Gen. 150, 242-275. doi: 10.1037/xge0000783

Drollette, E. S., Scudder, M. R., Raine, L. B.,, Moore, R. D., Saliba, B. J.,
Pontifex, M. B., et al. (2014). Acute exercise facilitates brain function and
cognition in children who need it most: an ERP study of individual differences
in inhibitory control capacity. Dev. Cogn. Neurosci. 7, 53-64. doi: 10.1016/j.
den.2013.11.001

Elliott-Sale, K. J., Minahan, C. L., de Jonge, X. A. K. ], Ackerman, K. E,,
Sipil4, S., Constantini, N. W,, et al. (2021). Methodological considerations
for studies in sport and exercise science with women as participants: a
working guide for standards of practice for research on women. Sports
Med. 51, 843-861. doi: 10.1007/540279-021-01435-8

Farah, M. J. (2017). The neuroscience of socioeconomic status: correlates, causes,
and consequences. Neuron 96, 56-71. doi: 10.1016/j.neuron.2017.08.034

Friedman, N. P, Miyake, A., Young, S. E., DeFries, J. C., Corley, R. P, and
Hewitt, J. K. (2008). Individual differences in executive functions are almost
entirely genetic in origin. J. Exp. Psychol. Gen. 137, 201-225. doi:
10.1037/0096-3445.137.2.201

Friedmann, B., Frese, F, Menold, E., Kauper, E, Jost, J., and Bértsch, P. (2005).
Individual variation in the erythropoietic response to altitude training in
elite junior swimmers. Br. J. Sports Med. 39, 148-153. doi: 10.1136/
bjsm.2003.011387

Glahn, D. C.,, Winkler, A. M., Kochunov, P, Almasy, L., Duggirala, R,
Carless, M. A., et al. (2010). Genetic control over the resting brain. Proc.
Natl. Acad. Sci. U. S. A. 107, 1223-1228. doi: 10.1073/pnas.0909969107

Goldberg, T. E., and Weinberger, D. R. (2004). Genes and the parsing of
cognitive processes. Trends Cogn. Sci. 8, 325-335. doi: 10.1016/j.tics.2004.05.011

Green, S. C., Bavelier, D., Kramer, A. E, Vinogradov, S., Ansorge, U, Ball, K. K.,
et al. (2019). Improving methodological standards in behavioral interventions
for cognitive enhancement. J. Cogn. Enhanc. 33:316. doi: 10.1007/
§41465-018-0115-y

Green, C. S., Strobach, T., and Schubert, T. (2014). On methodological standards
in training and transfer experiments. Psychol. Res. 78, 756-772. doi: 10.1007/
s00426-013-0535-3

Greenham, G., Buckley, ]. D., Garrett, J., Eston, R., and Norton, K. (2018).
Biomarkers of physiological responses to periods of intensified, non-resistance-
based exercise training in well-trained male athletes: a systematic review
and meta-analysis. Sports Med. 48, 2517-2548. doi: 10.1007/s40279-018-0969-2

Frontiers in Physiology | www.frontiersin.org

11

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1152/japplphysiol.00973.2010
https://doi.org/10.1123/IJSPP.2017-0208
https://doi.org/10.1186/s13063-018-2753-x
https://doi.org/10.1016/j.arcmed.2012.02.005
https://doi.org/10.1016/j.arcmed.2012.02.005
https://doi.org/10.1016/j.neulet.2008.06.024
https://doi.org/10.1016/j.psyneuen.2009.07.015
https://doi.org/10.1016/j.psyneuen.2009.07.015
https://doi.org/10.1016/j.biopsych.2005.09.022
https://doi.org/10.1123/ijspp.2016-0608
https://doi.org/10.1111/jsr.12291
https://doi.org/10.1016/j.neuroimage.2014.04.067
https://doi.org/10.1080/13854046.2012.680913
https://doi.org/10.1212/WNL.0000000000006390
https://doi.org/10.1073/pnas.1714021115
https://doi.org/10.1016/j.brainres.2012.02.068
https://doi.org/10.1123/jsep.33.6.847
https://doi.org/10.1136/bjsports-2013-092837
https://doi.org/10.1152/jappl.1998.85.4.1448
https://doi.org/10.3389/fpubh.2013.00029
https://doi.org/10.1080/17461391.2019.1655100
https://doi.org/10.2165/11650560-000000000-00000
https://doi.org/10.3389/fnhum.2020.569010
https://doi.org/10.3389/fnhum.2020.569010
https://doi.org/10.1007/s40279-019-01147-0
https://doi.org/10.1007/s40279-019-01250-2
https://doi.org/10.3390/nu9080847
https://doi.org/10.1111/j.1365-2869.1992.tb00021.x
https://doi.org/10.1134/S036211971502005X
https://doi.org/10.1134/S036211971502005X
https://doi.org/10.1186/s12877-017-0634-x
https://doi.org/10.1186/s12877-017-0634-x
https://doi.org/10.1037/xge0000783
https://doi.org/10.1016/j.dcn.2013.11.001
https://doi.org/10.1016/j.dcn.2013.11.001
https://doi.org/10.1007/s40279-021-01435-8
https://doi.org/10.1016/j.neuron.2017.08.034
https://doi.org/10.1037/0096-3445.137.2.201
https://doi.org/10.1136/bjsm.2003.011387
https://doi.org/10.1136/bjsm.2003.011387
https://doi.org/10.1073/pnas.0909969107
https://doi.org/10.1016/j.tics.2004.05.011
https://doi.org/10.1007/s41465-018-0115-y
https://doi.org/10.1007/s41465-018-0115-y
https://doi.org/10.1007/s00426-013-0535-3
https://doi.org/10.1007/s00426-013-0535-3
https://doi.org/10.1007/s40279-018-0969-2

Herold et al.

Rigorous Study Design in Exercise-Cognition-Research

Gronwald, T., and Budde, H. (2019). Commentary: physical exercise as personalized
medicine for dementia prevention? Front. Physiol. 10:1358. doi: 10.3389/
fphys.2019.01358

Gronwald, T., de Bem Alves, A. C., Murillo-Rodriguez, E., Latini, A., Schuette, J.,
and Budde, H. (2019). Standardization of exercise intensity and consideration
of a dose-response is essential. Commentary on “exercise-linked FNDC5/
irisin rescues synaptic plasticity and memory defects in Alzheimer's models,”
by Lourenco et al.,, published 2019 in nature medicine. J. Sport Health Sci.
8, 353-354. doi: 10.1016/j.jshs.2019.03.006

Gronwald, T., and Hoos, O. (2019). Correlation properties of heart rate variability
during endurance exercise: a systematic review. Ann. Noninvasive Electrocardiol.
25:12697. doi: 10.1111/anec.12697

Gronwald, T., Rogers, B., and Hoos, O. (2020a). Fractal correlation properties
of heart rate variability: a new biomarker for intensity distribution in
endurance exercise and training prescription? Front. Physiol. 11:550572. doi:
10.3389/fphys.2020.550572

Gronwald, T., Torpel, A., Herold, E, and Budde, H. (2020b). Perspective of
dose and response for individualized physical exercise and training prescription.
J. Funct. Morphol. Kinesiol. 5:48. doi: 10.3390/jfmk5030048

Gronwald, T., Velasques, B., Ribeiro, P, Machado, S., Murillo-Rodriguez, E.,
Ludyga, S., et al. (2018). Increasing exercise's effect on mental health: exercise
intensity does matter. Proc. Natl. Acad. Sci. U. S. A. 115, E11890-E11891.
doi: 10.1073/pnas.1818161115

Gurd, B. J., Giles, M. D., Bonafiglia, J. T., Raleigh, J. P, Boyd, J. C., Ma, J. K,,
et al. (2016). Incidence of nonresponse and individual patterns of response
following sprint interval training. Appl. Physiol. Nutr. Metab. 41, 229-234.
doi: 10.1139/apnm-2015-0449

Hackman, D. A., and Farah, M. J. (2009). Socioeconomic status and the
developing brain. Trends Cogn. Sci. 13, 65-73. doi: 10.1016/j.tics.2008.11.003

Hackman, D. A., Farah, M. J,, and Meaney, M. J. (2010). Socioeconomic status
and the brain: mechanistic insights from human and animal research. Nat.
Rev. Neurosci. 11, 651-659. doi: 10.1038/nrn2897

Halson, S. L. (2014). Monitoring training load to understand fatigue in athletes.
Sports Med. 44, S139-S147. doi: 10.1007/s40279-014-0253-z

Hecksteden, A., Faude, O., Meyer, T., and Donath, L. (2018a). How to construct,
conduct and analyze an exercise training study? Front. Physiol. 9:1007. doi:
10.3389/fphys.2018.01007

Hecksteden, A., Kraushaar, J., Scharhag-Rosenberger, E, Theisen, D., Senn, S.,
and Meyer, T. (2015). Individual response to exercise training—a statistical
perspective. J. Appl. Physiol. 118, 1450-1459. doi: 10.1152/japplphysiol.00714.2014

Hecksteden, A., Pitsch, W., Rosenberger, E, and Meyer, T. (2018b). Repeated
testing for the assessment of individual response to exercise training. J. Appl.
Physiol. 124, 1567-1579. doi: 10.1152/japplphysiol.00896.2017

Herold, E, Aye, N., Lehmann, N., Taubert, M., and Miiller, N. G. (2020a).
The contribution of functional magnetic resonance imaging to the
understanding of the effects of acute physical exercise on cognition. Brain
Sci. 10:175. doi: 10.3390/brainscil0030175

Herold, E, Gronwald, T., Scholkmann, E, Zohdi, H., Wyser, D., Miiller, N. G,
et al. (2020b). New directions in exercise prescription: is there a role for
brain-derived parameters obtained by functional near-infrared spectroscopy?
Brain Sci. 10:342. doi: 10.3390/brainscil0060342

Herold, E, Miiller, P, Gronwald, T., and Miiller, N. G. (2019). Dose-response
matters!—A perspective on the exercise prescription in exercise-cognition
research. Front. Psychol. 10:2338. doi: 10.3389/fpsyg.2019.02338

Herold, E, Torpel, A., Hamacher, D., Budde, H., and Gronwald, T. (2020c).
A discussion on different approaches for prescribing physical interventions—
four roads lead to Rome, but which one should we choose? J. Pers. Med.
10:55. doi: 10.3390/jpm10030055

Hodyl, N. A., Schneider, L., Vallence, A.-M., Clow, A., Ridding, M. C., and
Pitcher, J. B. (2016). The cortisol awakening response is associated with
performance of a serial sequence reaction time task. Int. J. Psychophysiol.
100, 12-18. doi: 10.1016/j.ijpsycho.2015.12.007

Hofmann, P, and Tschakert, G. (2010). Special needs to prescribe exercise
intensity for scientific studies. Cardiol. Res. Pract. 2011:209302. doi:
10.4061/2011/209302

Hopkins, W. G. (2000). Measures of reliability in sports medicine and science.
Sports Med. 30, 1-15. doi: 10.2165/00007256-200030010-00001

Hopkins, W. G. (2015). Individual responses made easy. J. Appl. Physiol. 118,
1444-1446. doi: 10.1152/japplphysiol.00098.2015

Howley, E. T. (2001). Type of activity. Resistance, aerobic and leisure versus
occupational physical activity. Med. Sci. Sports Exerc. 33, S364-S369. doi:
10.1097/00005768-200106001-00005

Hughes, R. L. (2019). A review of the role of the gut microbiome in personalized
sports nutrition. Front. Nutr. 6:191. doi: 10.3389/fnut.2019.00191

Hwang, J., Brothers, R. M., Castelli, D. M., Glowacki, E. M., Chen, Y. T,
Salinas, M. M., et al. (2016). Acute high-intensity exercise-induced cognitive
enhancement and brain-derived neurotrophic factor in young, healthy adults.
Neurosci. Lett. 630, 247-253. doi: 10.1016/j.neulet.2016.07.033

Tannetta, D., Inglis, E. C., Mattu, A. T, Fontana, E Y., Pogliaghi, S., Keir, D. A,
et al. (2020). A critical evaluation of current methods for exercise prescription
in women and men. Med. Sci. Sports Exerc. 52, 466-473. doi: 10.1249/
MSS.0000000000002147

Impellizzeri, £ M., Marcora, S. M., and Coutts, A. J. (2019). Internal and
external training load: 15 years on. Int. J. Sports Physiol. Perform. 14,
270-273. doi: 10.1123/ijspp.2018-0935

Ishihara, T., Drollette, E. S., Ludyga, S., Hillman, C. H., and Kamijo, K. (2020).
Baseline cognitive performance moderates the effects of physical activity
on executive functions in children. JCMM 9:2071. doi: 10.3390/jcm9072071

Iskandar, S., Murphy, K. J., Baird, A. D., West, R., Armilio, M., Craik, F I. M.,
et al. (2016). Interacting effects of age and time of day on verbal fluency
performance and intraindividual variability. Neuropsychol. Dev. Cogn. B Aging
Neuropsychol. Cogn. 23, 1-17. doi: 10.1080/13825585.2015.1028326

Islam, H., Bonafiglia, J. T., Del Giudice, M., Pathmarajan, R., Simpson, C. A,
Quadrilatero, J., et al. (2021). Repeatability of training-induced skeletal muscle
adaptations in active young males. J. Sci. Med. Sport. 24, 494-498. doi:
10.1016/j.jsams.2020.10.016

Jamnick, N. A., Pettitt, R. W.,, Granata, C., Pyne, D. B., and Bishop, D. J.
(2020). An examination and critique of current methods to determine exercise
intensity. Sports Med. 50, 1729-1756. doi: 10.1007/s40279-020-01322-8

Jiménez-Pavon, D., Carbonell-Baeza, A., and Lavie, C. J. (2019). Are changes
in telomerase activity and telomere length due to different exercise modalities,
intensity, or methods: intermittency? Eur. Heart J. 40, 3198-3199. doi: 10.1093/
eurheartj/ehz323

Jiménez-Pavon, D, and Lavie, C. J. (2017a). High-intensity intermittent training versus
moderate-intensity intermittent training: is it a matter of intensity or intermittent
efforts? Br. J. Sports Med. 51, 1319-1320. doi: 10.1136/bjsports-2016-097015

Jiménez-Pavén, D., and Lavie, C. J. (2017b). Response: commentary: high-
intensity intermittent training vs. moderate-intensity intermittent training:
is it a matter of intensity or intermittent efforts? Front. Physiol. 8:526. doi:
10.3389/fphys.2017.00526

Johnson, L., Crawford, L., Zou, L., and Loprinzi, P. D. (2019). Experimental
effects of acute exercise in attenuating memory interference: considerations
by biological sex. Medicina 55:331. doi: 10.3390/medicina55070331

Johnson, L., and Loprinzi, P. D. (2019). The effects of acute exercise on episodic
memory function among young university students: moderation considerations
by biological sex. Health Promot. Perspect. 9, 99-104. doi: 10.15171/hpp.2019.14

Joyner, M. J. (2019a). Genetic approaches for sports performance: how far
away are we? Sports Med. 49, 199-204. doi: 10.1007/s40279-019-01164-z

Joyner, M. J. (2019b). Limits to the evidence that DNA sequence differences
contribute to variability in fitness and trainability. Med. Sci. Sports Exerc.
51, 1786-1789. doi: 10.1249/MSS.0000000000001977

Joyner, M. J., and Lundby, C. (2018). Concepts about V'O2max and trainability
are context dependent. Exerc. Sport Sci. Rev. 46, 138-143. doi: 10.1249/
JES.0000000000000150

Kao, S.-C., Wang, C.-H., and Hillman, C. H. (2019). Acute effects of aerobic
exercise on response variability and neuroelectric indices during a serial
n-back task. Brain Cogn. 138:105508. doi: 10.1016/j.bandc.2019.105508

Karavirta, L., Hikkinen, K., Kauhanen, A., Arija-Blazquez, A., Sillanpii, E.,
Rinkinen, N., et al. (2011). Individual responses to combined endurance
and strength training in older adults. Med. Sci. Sports Exerc. 43, 484-490.
doi: 10.1249/MSS.0b013e3181f1bf0d

Korous, K. M., Causadias, J. M., Bradley, R. H., Luthar, S. S., and Levy, R.
(2020). A systematic overview of meta-analyses on socioeconomic status,
cognitive ability, and achievement: the need to focus on specific pathways.
Psychol. Rep. doi: 10.1177/0033294120984127 [Epub ahead of print].

Lambourne, K., and Tomporowski, P. (2010). The effect of exercise-induced
arousal on cognitive task performance: a meta-regression analysis. Brain
Res. 1341, 12-24. doi: 10.1016/j.brainres.2010.03.091

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3389/fphys.2019.01358
https://doi.org/10.3389/fphys.2019.01358
https://doi.org/10.1016/j.jshs.2019.03.006
https://doi.org/10.1111/anec.12697
https://doi.org/10.3389/fphys.2020.550572
https://doi.org/10.3390/jfmk5030048
https://doi.org/10.1073/pnas.1818161115
https://doi.org/10.1139/apnm-2015-0449
https://doi.org/10.1016/j.tics.2008.11.003
https://doi.org/10.1038/nrn2897
https://doi.org/10.1007/s40279-014-0253-z
https://doi.org/10.3389/fphys.2018.01007
https://doi.org/10.1152/japplphysiol.00714.2014
https://doi.org/10.1152/japplphysiol.00896.2017
https://doi.org/10.3390/brainsci10030175
https://doi.org/10.3390/brainsci10060342
https://doi.org/10.3389/fpsyg.2019.02338
https://doi.org/10.3390/jpm10030055
https://doi.org/10.1016/j.ijpsycho.2015.12.007
https://doi.org/10.4061/2011/209302
https://doi.org/10.2165/00007256-200030010-00001
https://doi.org/10.1152/japplphysiol.00098.2015
https://doi.org/10.1097/00005768-200106001-00005
https://doi.org/10.3389/fnut.2019.00191
https://doi.org/10.1016/j.neulet.2016.07.033
https://doi.org/10.1249/MSS.0000000000002147
https://doi.org/10.1249/MSS.0000000000002147
https://doi.org/10.1123/ijspp.2018-0935
https://doi.org/10.3390/jcm9072071
https://doi.org/10.1080/13825585.2015.1028326
https://doi.org/10.1016/j.jsams.2020.10.016
https://doi.org/10.1007/s40279-020-01322-8
https://doi.org/10.1093/eurheartj/ehz323
https://doi.org/10.1093/eurheartj/ehz323
https://doi.org/10.1136/bjsports-2016-097015
https://doi.org/10.3389/fphys.2017.00526
https://doi.org/10.3390/medicina55070331
https://doi.org/10.15171/hpp.2019.14
https://doi.org/10.1007/s40279-019-01164-z
https://doi.org/10.1249/MSS.0000000000001977
https://doi.org/10.1249/JES.0000000000000150
https://doi.org/10.1249/JES.0000000000000150
https://doi.org/10.1016/j.bandc.2019.105508
https://doi.org/10.1249/MSS.0b013e3181f1bf0d
https://doi.org/10.1177/0033294120984127
https://doi.org/10.1016/j.brainres.2010.03.091

Herold et al.

Rigorous Study Design in Exercise-Cognition-Research

Li, L., Zhang, S., Cui, J., Chen, L.-Z., Wang, X., Fan, M., et al. (2019). Fitness-
dependent effect of acute aerobic exercise on executive function. Front.
Physiol. 10:902. doi: 10.3389/fphys.2019.00902

Lightfoot, J. T. (2008). Commentary on viewpoint: perspective on the future
use of genomics in exercise prescription. J. Appl. Physiol. 104:1249. doi:
10.1152/japplphysiol.00014.2008

Lindheimer, J. B., Szabo, A., Raglin, J. S., and Beedie, C. (2019a). Advancing
the understanding of placebo effects in psychological outcomes of exercise:
lessons learned and future directions. Eur. J. Sport Sci. 20, 326-337. doi:
10.1080/17461391.2019.1632937

Lindheimer, J. B, Szabo, A., Raglin, J. S., Beedie, C., Carmichael, K. E., and
O’Connor, P. J. (2019b). Reconceptualizing the measurement of expectations
to better understand placebo and nocebo effects in psychological responses
to exercise. Eur. J. Sport Sci. 20, 338-346. doi: 10.1080/17461391.2019.1674926

Liu-Ambrose, T., Barha, C. K, and Best, J. R. (2018). Physical activity for
brain health in older adults. Appl. Physiol. Nutr. Metab. 43, 1105-1112. doi:
10.1139/apnm-2018-0260

Loprinzi, P. D., and Frith, E. (2018). The role of sex in memory function:
considerations and recommendations in the context of exercise. J. Clin.
Med. 7:132. doi: 10.3390/jcm7060132

Ludyga, S., Brand, S., Gerber, M., Weber, P, Brotzmann, M., Habibifar, F,
et al. (2017). An event-related potential investigation of the acute effects
of aerobic and coordinative exercise on inhibitory control in children with
ADHD. Dev. Cogn. Neurosci. 28, 21-28. doi: 10.1016/j.dcn.2017.10.007

Ludyga, S., Gerber, M., Brand, S., Holsboer-Trachsler, E., and Piihse, U. (2016).
Acute effects of moderate aerobic exercise on specific aspects of executive
function in different age and fitness groups: A meta-analysis. Psychophysiology
53, 1611-1626. doi: 10.1111/psyp.12736

Ludyga, S., Miicke, M., Colledge, E. M. A, Piihse, U, and Gerber, M. (2019).
A combined EEG-fNIRS study investigating mechanisms underlying the
association between aerobic fitness and inhibitory control in young adults.
Neuroscience 419, 23-33. doi: 10.1016/j.neuroscience.2019.08.045

MacDonald, S. W. S., Nyberg, L., and Bédckman, L. (2006). Intra-individual
variability in behavior: links to brain structure, neurotransmission and
neuronal activity. Trends Neurosci. 29, 474-480. doi: 10.1016/j.tins.2006.06.011

Makris, N. C., Ratilal, P, Jagannathan, S., Gong, Z., Andrews, M., Bertsatos, L.,
et al. (2009). Critical population density triggers rapid formation of vast
oceanic fish shoals. Science 323, 1734-1737. doi: 10.1126/science.1169441

Mann, T., Lamberts, R. P, and Lambert, M. 1. (2013). Methods of prescribing
relative exercise intensity. Physiological and practical considerations. Sports
Med. 43, 613-625. doi: 10.1007/s40279-013-0045-x

Martin, K., McLeod, E., Périard, J., Rattray, B., Keegan, R, and Pyne, D. B.
(2019). The impact of environmental stress on cognitive performance: a
systematic review. Hum. Factors 61, 1205-1246. doi: 10.1177/0018720819839817

McClearn, G. E. (1997). Substantial genetic influence on cognitive abilities in twins
80 or more years old. Science 276, 1560-1563. doi: 10.1126/science.276.5318.1560

McLaren, S. J., Macpherson, T. W,, Coutts, A. J., Hurst, C., Spears, I. R, and
Weston, M. (2018). The relationships between internal and external measures
of training load and intensity in team sports. A meta-analysis. Sports Med.
48, 641-658. doi: 10.1007/540279-017-0830-z

McMorris, T. (ed.) (2016). “Exercise-cognition interaction: state of the art and future
research,” in Exercise-Cognition Interaction (New York, NY: Elsevier), 459-481.

McMorris, T., Hale, B. J., Barwood, M., Costello, J., and Corbett, J. (ed.) (2017).
Effect of acute hypoxia on cognition: a systematic review and meta-regression
analysis. Neurosci. Biobehav. Rev. 74, 225-232. doi: 10.1016/j.neubiorev.
2017.01.019

McSween, M.-P.,, Coombes, J. S., MacKay, C. P,, Rodriguez, A. D., Erickson, K. L,
Copland, D. A, et al. (2019). The immediate effects of acute aerobic exercise
on cognition in healthy older adults: a systematic review. Sports Med. 49,
67-82. doi: 10.1007/s40279-018-01039-9

Mehren, A., Diaz Luque, C., Brandes, M., Lam, A. P, Thiel, C. M., Philipsen, A.,
et al. (2019). Intensity-dependent effects of acute exercise on executive
function. Neural Plast. 2019:8608317. doi: 10.1155/2019/8608317

Metcalfe, R. S., and Vollaard, N. B. (2021). Heterogeneity and incidence of
non-response for changes in cardiorespiratory fitness following time-efficient
sprint interval exercise training. Appl. Physiol. Nutr. Metab.. doi: 10.1139/
apnm-2020-0855 [Epub ahead of print].

Meyler, S., Bottoms, L., and Muniz-Pumares, D. (2021). Biological and
methodological factors affecting VO2max response variability to endurance

training and the influence of exercise intensity prescription. Exp. Physiol.
doi: 10.1113/EP089565 [Epub ahead of print].

Montero, D., and Lundby, C. (2017). Refuting the myth of non-response to
exercise training: 'non-responders’ do respond to higher dose of training.
J. Physiol. 595, 3377-3387. doi: 10.1113/JP273480

Moore, R. D., Wu, C.-T,, Pontifex, M. B., O'Leary, K. C., Scudder, M. R,
Raine, L. B., et al. (2013). Aerobic fitness and intra-individual variability
of neurocognition in preadolescent children. Brain Cogn. 82, 43-57. doi:
10.1016/j.bandc.2013.02.006

Morand, C., and Tomds-Barberan, F. A. (2019). Contribution of plant food
bioactives in promoting health effects of plant foods: why look at interindividual
variability? Eur. J. Nutr. 58, 13-19. doi: 10.1007/500394-019-02096-0

Moreau, D., and Wiebels, K. (2021). Assessing change in intervention research:
the benefits of composite outcomes. Adv. Methods Pract. Psychol. Sci. 4.
doi: 10.1177/2515245920931930 (in press).

Nedelec, M., Aloulou, A., Duforez, E, Meyer, T., and Dupont, G. (2018). The
variability of sleep among elite athletes. Sports Med. Open 4:34. doi: 10.1186/
s40798-018-0151-2

Netz, Y. (2019). Is there a preferred mode of exercise for cognition enhancement
in older age?—A narrative review. Front. Med. 6:57. doi: 10.3389/
fmed.2019.00057

Nummela, A., Eronen, T., Koponen, A., Tikkanen, H., and Peltonen, J. E.
(2021). Variability in hemoglobin mass response to altitude training camps.
Scand. ]. Med. Sci. Sports 31, 44-51. doi: 10.1111/sms.13804

Oberste, M., Hartig, P,, Bloch, W., Elsner, B., Predel, H.-G., Ernst, B., et al.
(2017). Control group paradigms in studies investigating acute effects of
exercise on cognitive performance-an experiment on expectation-driven
placebo effects. Front. Hum. Neurosci. 11:600. doi: 10.3389/fnhum.2017.00600

Oberste, M., Javelle, F, Sharma, S., Joisten, N., Walzik, D., Bloch, W,, et al.
(2019). Effects and moderators of acute aerobic exercise on subsequent
interference control: a systematic review and meta-analysis. Front. Psychol.
10:2616. doi: 10.3389/fpsyg.2019.02616

Oberste, M., Sharma, S., Bloch, W, and Zimmer, P. (2021). Acute exercise-
induced set shifting benefits in healthy adults and its moderators: a systematic
review and meta-analysis. Front. Psychol. 12:528352. doi: 10.3389/
fpsyg.2021.528352

Ordovas, J. M., Ferguson, L. R, Tai, E. S., and Mathers, J. C. (2018). Personalised
nutrition and health. BMJ 361:bmj.k2173. doi: 10.1136/bmj.k2173

Padilla, J., Leary, E., and Limberg, J. K. (2021). Identifying responders versus
non-responders: incorporation of controls is required for sound statistical
inference. Exp. Physiol. 106, 375-376. doi: 10.1113/EP089142

Peper, J. S., Brouwer, R. M., Boomsma, D. I., Kahn, R. S., and Hulshoff Pol, H. E.
(2007). Genetic influences on human brain structure: a review of brain
imaging studies in twins. Hum. Brain Mapp. 28, 464-473. doi: 10.1002/
hbm.20398

Pickering, C., and Kiely, J. (2017). Understanding personalized training responses:
can genetic assessment help? Open Sports Sci. J. 10, 191-213. doi:
10.2174/1875399X01710010191

Pickering, C., and Kiely, J. (2018). Do non-responders to exercise exist—and
if so, what should we do about them? Sports Med. 23:30. doi: 10.1007/
540279-018-01041-1

Piepmeier, A. T., Etnier, J. L, Wideman, L., Berry, N. T, Kincaid, Z., and
Weaver, M. A. (2019). A preliminary investigation of acute exercise intensity
on memory and BDNF isoform concentrations. Eur. J. Sport Sci. 20, 1-12.
doi: 10.1080/17461391.2019.1660726

Pontifex, M. B., Hillman, C. H., Fernhall, B., Thompson, K. M., and Valentini, T. A.
(2009). The effect of acute aerobic and resistance exercise on working memory.
Med. Sci. Sports Exerc. 41, 927-934. doi: 10.1249/MSS.0b013e3181907d69

Pontifex, M. B., McGowan, A. L., Chandler, M. C., Gwizdala, K. L., Parks, A. C,,
Fenn, K., et al. (2019). A primer on investigating the after effects of acute
bouts of physical activity on cognition. Psychol. Sport Exerc. 40, 1-22. doi:
10.1016/j.psychsport.2018.08.015

Puthucheary, Z., Skipworth, J. R. A., Rawal, J., Loosemore, M., van Someren, K.,
and Montgomery, H. E. (2011). Genetic influences in sport and physical
performance. Sports Med. 41, 845-859. doi: 10.2165/11593200-000000000-00000

Rogers, B., Giles, D., Draper, N., Hoos, O., and Gronwald, T. (2021a). A new
detection method defining the aerobic threshold for endurance exercise and
training prescription based on fractal correlation properties of heart rate
variability. Front. Physiol. 11:596567. doi: 10.3389/fphys.2020.596567

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3389/fphys.2019.00902
https://doi.org/10.1152/japplphysiol.00014.2008
https://doi.org/10.1080/17461391.2019.1632937
https://doi.org/10.1080/17461391.2019.1674926
https://doi.org/10.1139/apnm-2018-0260
https://doi.org/10.3390/jcm7060132
https://doi.org/10.1016/j.dcn.2017.10.007
https://doi.org/10.1111/psyp.12736
https://doi.org/10.1016/j.neuroscience.2019.08.045
https://doi.org/10.1016/j.tins.2006.06.011
https://doi.org/10.1126/science.1169441
https://doi.org/10.1007/s40279-013-0045-x
https://doi.org/10.1177/0018720819839817
https://doi.org/10.1126/science.276.5318.1560
https://doi.org/10.1007/s40279-017-0830-z
https://doi.org/10.1016/j.neubiorev.2017.01.019
https://doi.org/10.1016/j.neubiorev.2017.01.019
https://doi.org/10.1007/s40279-018-01039-9
https://doi.org/10.1155/2019/8608317
https://doi.org/10.1139/apnm-2020-0855
https://doi.org/10.1139/apnm-2020-0855
https://doi.org/10.1113/EP089565
https://doi.org/10.1113/JP273480
https://doi.org/10.1016/j.bandc.2013.02.006
https://doi.org/10.1007/s00394-019-02096-0
https://doi.org/10.1177/2515245920931930
https://doi.org/10.1186/s40798-018-0151-2
https://doi.org/10.1186/s40798-018-0151-2
https://doi.org/10.3389/fmed.2019.00057
https://doi.org/10.3389/fmed.2019.00057
https://doi.org/10.1111/sms.13804
https://doi.org/10.3389/fnhum.2017.00600
https://doi.org/10.3389/fpsyg.2019.02616
https://doi.org/10.3389/fpsyg.2021.528352
https://doi.org/10.3389/fpsyg.2021.528352
https://doi.org/10.1136/bmj.k2173
https://doi.org/10.1113/EP089142
https://doi.org/10.1002/hbm.20398
https://doi.org/10.1002/hbm.20398
https://doi.org/10.2174/1875399X01710010191
https://doi.org/10.1007/s40279-018-01041-1
https://doi.org/10.1007/s40279-018-01041-1
https://doi.org/10.1080/17461391.2019.1660726
https://doi.org/10.1249/MSS.0b013e3181907d69
https://doi.org/10.1016/j.psychsport.2018.08.015
https://doi.org/10.2165/11593200-000000000-00000
https://doi.org/10.3389/fphys.2020.596567

Herold et al.

Rigorous Study Design in Exercise-Cognition-Research

Rogers, B., Giles, D., Draper, N., Mourot, L., and Gronwald, T. (2021b). Detection
of the anaerobic threshold in endurance sports: validation of a new method
using correlation properties of heart rate variability. J. Funct. Morphol. Kinesiol.
6:38. doi: 10.3390/jfmk6020038

Rogers, B., and Gronwald, T. (2021). From laboratory to roadside: Real-time
assessment and monitoring of the aerobic threshold in endurance-typed
sports. Available at: https://blogs.bmj.com/bjsm/2021/02/13/from-laboratory-
to-roadside-real-time-assessment-and-monitoring-of-the-aerobic-threshold-in-
endurance-typed-sports/ (Accessed June 20, 2021).

Ross, R., de Lannoy, L., and Stotz, P. J. (2015). Separate effects of intensity
and amount of exercise on interindividual cardiorespiratory fitness response.
Mayo Clin. Proc. 90, 1506-1514. doi: 10.1016/j.mayocp.2015.07.024

Ross, R., Goodpaster, B. H., Koch, L. G., Sarzynski, M. A., Kohrt, W. M.,
Johannsen, N. M., et al. (2019). Precision exercise medicine: understanding
exercise response variability. Br. . Sports Med. 53, 1141-1153. doi: 10.1136/
bjsports-2018-100328

Sainani, K. L., Borg, D. N., Caldwell, A. R., Butson, M. L., Tenan, M. S,
Vickers, A. J., et al. (2021). Call to increase statistical collaboration in sports
science, sport and exercise medicine and sports physiotherapy. Br. J. Sports
Med. 55, 118-122. doi: 10.1136/bjsports-2020-102607

Sarzynski, M. A., Ghosh, S., and Bouchard, C. (2017). Genomic and transcriptomic
predictors of response levels to endurance exercise training. J. Physiol. 595,
2931-2939. doi: 10.1113/JP272559

Scheuer, ], and Tipton, C. M. (1977). Cardiovascular adaptations to physical
training. Annu. Rev. Physiol. 39, 221-251. doi: 10.1146/annurev.ph.39.030177.001253

Schmidt, C., Collette, E, Cajochen, C., and Peigneux, P. (2007). A time to
think: circadian rhythms in human cognition. Cogn. Neuropsychol. 24,
755-789. doi: 10.1080/02643290701754158

Schwarck, S., Schmicker, M., Dordevic, M., Rehfeld, K., Miiller, N., and Miiller, P.
(2019). Inter-individual differences in cognitive response to a single bout
of physical exercise-a randomized controlled cross-over study. J. Clin. Med.
8:1101. doi: 10.3390/jcm8081101

Senn, S. (2016). Mastering variation: variance components and personalised
medicine. Stat. Med. 35, 966-977. doi: 10.1002/sim.6739

Senn, S. (2018). Statistical pitfalls of personalized medicine. Nature 563, 619-621.
doi: 10.1038/d41586-018-07535-2

Shephard, R. J. (2003). Regression to the mean. A threat to exercise science?
Sports Med. 33, 575-584. doi: 10.2165/00007256-200333080-00003

Soligard, T., Schwellnus, M., Alonso, J.-M., Bahr, R., Clarsen, B., Dijkstra, H. P,
et al. (2016). How much is too much? (part 1) International Olympic
Committee consensus statement on load in sport and risk of injury. Br. J.
Sports Med. 50, 1030-1041. doi: 10.1136/bjsports-2016-096581

Staff, R. T., Murray, A. D., Ahearn, T. S., Mustafa, N., Fox, H. C, and
Whalley, L. J. (2012). Childhood socioeconomic status and adult brain size:
childhood socioeconomic status influences adult hippocampal size. Ann.
Neurol. 71, 653-660. doi: 10.1002/ana.22631

Steptoe, A., and Zaninotto, P. (2020). Lower socioeconomic status and the
acceleration of aging: An outcome-wide analysis. Proc. Natl. Acad. Sci. U. S. A.
117, 14911-14917. doi: 10.1073/pnas.1915741117

Suwabe, K., Byun, K., Hyodo, K., Reagh, Z. M., Roberts, J. M., Matsushita, A.,
et al. (2018). Reply to Gronwald et al. exercise intensity does indeed matter;
maximal oxygen uptake is the gold-standard indicator. Proc. Natl. Acad. Sci.
U. S. A. 115, E11892-E11893. doi: 10.1073/pnas.1818247115

Swinton, P. A., Hemingway, B. S., Saunders, B., Gualano, B., and Dolan, E.
(2018). A statistical framework to interpret individual response to intervention:
paving the way for personalized nutrition and exercise prescription. Front.
Nutr. 5:41. doi: 10.3389/fnut.2018.00041

Taylor, L., Watkins, S. L., Marshall, H., Dascombe, B. J., and Foster, J. (2015).
The impact of different environmental conditions on cognitive function: a
focused review. Front. Physiol. 6:372. doi: 10.3389/fphys.2015.00372

Tenan, M. S., Vigotsky, A. D., and Caldwell, A. R. (2020). Comment on: "A
method to stop analyzing random error and start analyzing differential
responders to exercise". Sports Med. 50, 431-434. doi: 10.1007/
540279-019-01249-9

Thompson, P. M., Cannon, T. D., Narr, K. L., van Erp, T., Poutanen, V. P,
Huttunen, M., et al. (2001). Genetic influences on brain structure. Nat.
Neurosci. 4, 1253-1258. doi: 10.1038/nn758

Timmons, J. A. (2011). Variability in training-induced skeletal muscle adaptation.
J. Appl. Physiol. 110, 846-853. doi: 10.1152/japplphysiol.00934.2010

Timmons, J. A., Knudsen, S., Rankinen, T., Koch, L. G., Sarzynski, M.,
Jensen, T., et al. (2010). Using molecular classification to predict gains
in maximal aerobic capacity following endurance exercise training in
humans. J. Appl. Physiol. 108, 1487-1496. doi: 10.1152/japplphysiol.
01295.2009

Tkachenko, O., and Dinges, D. E (2018). Interindividual variability in
neurobehavioral response to sleep loss: A comprehensive review. Neurosci.
Biobehav. Rev. 89, 29-48. doi: 10.1016/j.neubiorev.2018.03.017

Toga, A. W,, and Thompson, P. M. (2005). Genetics of brain structure and
intelligence. Annu. Rev. Neurosci. 28, 1-23. doi: 10.1146/annurev.neuro.
28.061604.135655

Tschakert, G., and Hofmann, P. (2013). High-intensity intermittent exercise:
methodological and physiological aspects. Int. J. Sports Physiol. Perform. 8,
600-610. doi: 10.1123/ijspp.8.6.600

Vanrenterghem, J., Nedergaard, N. J., Robinson, M. A., and Drust, B. (2017).
Training load monitoring in team sports. A novel framework separating
physiological and biomechanical load-adaptation pathways. Sports Med. 47,
2135-2142. doi: 10.1007/s40279-017-0714-2

Voisin, S., Jacques, M., Lucia, A., Bishop, D. J., and Eynon, N. (2019). Statistical
considerations for exercise protocols aimed at measuring trainability. Exerc.
Sport Sci. Rev. 47, 37-45. doi: 10.1249/JES.0000000000000176

Wallace, L. K., Slattery, K. M., and Coutts, A. J. (2009). The ecological validity
and application of the session-RPE method for quantifying training loads
in swimming. ] Strength Cond. Res. 23, 33-38. doi: 10.1519/
JSC.0b013e3181874512

Walsh, J., Bonafiglia, G., Goldfield, R., Sigal, G., Kenny, S., Doucette, S., et al.
(2020a). Interindividual variability and individual responses to exercise
training in adolescents with obesity. Appl. Physiol. Nutr. Metab. 45, 45-54.
doi: 10.1139/apnm-2019-0088

Walsh, J. J., Drouin, P. ], King, T. ], D'Urzo, K. A., Tschakovsky, M. E,,
Cheung, S. S., et al. (2020b). Acute aerobic exercise impairs aspects of
cognitive function at high altitude. Physiol. Behav. 223:112979. doi: 10.1016/j.
physbeh.2020.112979

Walsh, N. P, Halson, S. L., Sargent, C., Roach, G. D., Nédélec, M., Gupta, L.,
et al. (2020c). Sleep and the athlete: narrative review and 2021 expert
consensus recommendations. Br. J. Sports Med. doi: 10.1136/bjsports-2020-
102025 [Epub ahead of print].

Wegner, M., Amatriain-Fernandez, S., Kaulitzky, A., Murillo-Rodriguez, E.,
Machado, S., and Budde, H. (2020). Systematic review of meta-analyses:
exercise effects on depression in children and adolescents. Front. Psychol.
11:81. doi: 10.3389/fpsyt.2020.00081

Williams, C. J., Williams, M. G., Eynon, N., Ashton, K. ], Little, J. P, Wisloff, U,,
et al. (2017). Genes to predict VO2max trainability: a systematic review.
BMC Genomics 18:831. doi: 10.1186/s12864-017-4192-6

Williamson, P. J., Atkinson, G., and Batterham, A. M. (2017). Inter-individual
responses of maximal oxygen uptake to exercise training: a critical review.
Sports Med. 47, 1501-1513. doi: 10.1007/s40279-017-0680-8

Wu, C.-T,, Pontifex, M. B., Raine, L. B., Chaddock, L., Voss, M. W., Kramer, A. E,
etal. (2011). Aerobic fitness and response variability in preadolescent children
performing a cognitive control task. Neuropsychology 25, 333-341. doi:
10.1037/20022167

Yamazaki, Y., Sato, D., Yamashiro, K., Tsubaki, A., Takehara, N., Uetake, Y.,
et al. (2018). Inter-individual differences in working memory improvement
after acute mild and moderate aerobic exercise. PLoS One 13:¢0210053. doi:
10.1371/journal.pone.0210053

Yamazaki, Y., Sato, D., Yamashiro, K., Tsubaki, A., Yamaguchi, Y., Takehara, N.,
et al. (2017). Inter-individual differences in exercise-induced spatial working
memory improvement. A near-infrared spectroscopy study. Adv. Exp. Med.
Biol. 977, 81-88. doi: 10.1007/978-3-319-55231-6_12

Yaple, Z. A., and Yu, R. (2020). Functional and structural brain correlates of
socioeconomic status. Cereb. Cortex 30, 181-196. doi: 10.1093/cercor/
bhz080

Yoon, U, Fahim, C., Perusse, D., and Evans, A. C. (2010). Lateralized genetic
and environmental influences on human brain morphology of 8-year-old
twins. Neurolmage 53, 1117-1125. doi: 10.1016/j.neuroimage.2010.01.007

Yu, Q, Herold, E, Becker, B., Klugah-Brown, B., Zhang, Y., Perrey, S., et al.
(2021). Cognitive benefits of exercise interventions: an fMRI activation
likelihood estimation meta-analysis. Brain Struct. Funct. 226, 601-619. doi:
10.1007/500429-021-02247-2

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3390/jfmk6020038
https://blogs.bmj.com/bjsm/2021/02/13/from-laboratory-to-roadside-real-time-assessment-and-monitoring-of-the-aerobic-threshold-in-endurance-typed-sports/
https://blogs.bmj.com/bjsm/2021/02/13/from-laboratory-to-roadside-real-time-assessment-and-monitoring-of-the-aerobic-threshold-in-endurance-typed-sports/
https://blogs.bmj.com/bjsm/2021/02/13/from-laboratory-to-roadside-real-time-assessment-and-monitoring-of-the-aerobic-threshold-in-endurance-typed-sports/
https://doi.org/10.1016/j.mayocp.2015.07.024
https://doi.org/10.1136/bjsports-2018-100328
https://doi.org/10.1136/bjsports-2018-100328
https://doi.org/10.1136/bjsports-2020-102607
https://doi.org/10.1113/JP272559
https://doi.org/10.1146/annurev.ph.39.030177.001253
https://doi.org/10.1080/02643290701754158
https://doi.org/10.3390/jcm8081101
https://doi.org/10.1002/sim.6739
https://doi.org/10.1038/d41586-018-07535-2
https://doi.org/10.2165/00007256-200333080-00003
https://doi.org/10.1136/bjsports-2016-096581
https://doi.org/10.1002/ana.22631
https://doi.org/10.1073/pnas.1915741117
https://doi.org/10.1073/pnas.1818247115
https://doi.org/10.3389/fnut.2018.00041
https://doi.org/10.3389/fphys.2015.00372
https://doi.org/10.1007/s40279-019-01249-9
https://doi.org/10.1007/s40279-019-01249-9
https://doi.org/10.1038/nn758
https://doi.org/10.1152/japplphysiol.00934.2010
https://doi.org/10.1152/japplphysiol.01295.2009
https://doi.org/10.1152/japplphysiol.01295.2009
https://doi.org/10.1016/j.neubiorev.2018.03.017
https://doi.org/10.1146/annurev.neuro.28.061604.135655
https://doi.org/10.1146/annurev.neuro.28.061604.135655
https://doi.org/10.1123/ijspp.8.6.600
https://doi.org/10.1007/s40279-017-0714-2
https://doi.org/10.1249/JES.0000000000000176
https://doi.org/10.1519/JSC.0b013e3181874512
https://doi.org/10.1519/JSC.0b013e3181874512
https://doi.org/10.1139/apnm-2019-0088
https://doi.org/10.1016/j.physbeh.2020.112979
https://doi.org/10.1016/j.physbeh.2020.112979
https://doi.org/10.1136/bjsports-2020-102025
https://doi.org/10.1136/bjsports-2020-102025
https://doi.org/10.3389/fpsyt.2020.00081
https://doi.org/10.1186/s12864-017-4192-6
https://doi.org/10.1007/s40279-017-0680-8
https://doi.org/10.1037/a0022167
https://doi.org/10.1371/journal.pone.0210053
https://doi.org/10.1007/978-3-319-55231-6_12
https://doi.org/10.1093/cercor/bhz080
https://doi.org/10.1093/cercor/bhz080
https://doi.org/10.1016/j.neuroimage.2010.01.007
https://doi.org/10.1007/s00429-021-02247-2

Herold et al.

Rigorous Study Design in Exercise-Cognition-Research

Zadro, ]. R., Shirley, D., Andrade, T. B, Scurrah, K. J., Bauman, A., and
Ferreira, P. H. (2017). The beneficial effects of physical activity: is it down
to your genes? A systematic review and meta-analysis of twin and family
studies. Sports Med. Open 3:4. doi: 10.1186/s40798-016-0073-9

Zeisel, S. H. (2020). Precision (personalized) nutrition: understanding metabolic
heterogeneity. Annu. Rev. Food Sci. Technol. 11, 71-92. doi: 10.1146/annurev-
food-032519-051736

Zhang, M., Gale, S. D., Erickson, L. D., Brown, B. L., Woody, P, and Hedges, D. W.
(2015). Cognitive function in older adults according to current socioeconomic
status. Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 22, 534-543.
doi: 10.1080/13825585.2014.997663

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2021 Herold, Torpel, Hamacher, Budde, Zou, Strobach, Miiller and
Gronwald. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

15

July 2021 | Volume 12 | Article 682891


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1186/s40798-016-0073-9
https://doi.org/10.1146/annurev-food-032519-051736
https://doi.org/10.1146/annurev-food-032519-051736
https://doi.org/10.1080/13825585.2014.997663
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Causes and Consequences of Interindividual Response Variability: A Call to Apply a More Rigorous Research Design in Acute Exercise-Cognition Studies
	Introduction
	The Complex Story of Influencing Factors and Their Consequences
	Non-modifiable Factors
	Recommendations Regarding Non-modifiable Factors
	Modifiable Factors
	Modifiable Exercise-Related Factors
	Recommendations Regarding Modifiable Exercise-Related Factors
	Modifiable Non-Exercise-Related Factors
	Recommendations Regarding Modifiable Non-Exercise-Related Factors
	Other Influencing Factors
	Recommendations Regarding Other Influencing Factors
	Considerations Regarding the Statistical Analysis

	Conclusion
	Data Availability Statement
	Author Contributions

	References

