
Acute e!ects of exercise engagement on neurocognitive 
function: a systematic review and meta-analysis on P3 
amplitude and latency
Shih-Chun Kao a, Feng-Tzu Chenb, David Moreau c, Eric S. Drolletted,  
Steve Amireault a, Chien-Heng Chue and Yu-Kai Change,f

aDepartment of Health and Kinesiology, Purdue University, West Lafayette, IN, USA; bDepartment of Sports 
Medicine, China Medical University, Taichung City, Taiwan; cSchool of Psychology, University of Auckland, 
Auckland, New Zealand; dDepartment of Kinesiology, University of North Carolina at Greensboro, 
Greensboro, NC, USA; eDepartment of Physical Education and Sport Sciences, National Taiwan Normal 
University, Taipei, Taiwan; fInstitute for Research Excellence in Learning Science, National Taiwan Normal 
University, Taipei, Taiwan

ABSTRACT  
Although the acute efect of exercise on behavioral cognitive 
performance is well-documented in the exercise psychology field, 
a comprehensive evaluation on neuroelectric brain activity that 
determines healthy cognitive functioning following acute exercise 
is lacking. This systematic review included 39 studies examining 
acute exercise efects on P3 of event-related potential through its 
amplitude and latency, which reffect the amounts of attentional 
resources allocated to and the processing speed for categorizing 
a stimulus. Exercise has small efects on increasing amplitude and 
decreasing latency. The amplitude efect was moderated by age 
and the type, intensity, and duration of exercise, with a smaller 
efect being observed for individuals aged ≤18 and 19–35 than 
>60 years, for high-intensity than moderate-intensity exercise, for 
high-intensity interval training exercise than aerobic, resistance, 
and combined exercise, as well as for exercise lasting ≤10 and 
11–20 than exercise lasting 21–30 min. The latency efect was 
moderated by exercise duration, with 11–20 min exercise 
showing a smaller efect than exercise lasting ≤10 min. These 
results demonstrated that acute exercise enhances allocation of 
attentional resources and processing speed needed to implement 
cognitive processes underlying goal-directed behavior. Further, 
these efects may be manipulated through targeting specific age 
groups and prescribing specific exercise parameters.
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Introduction

Exercise has long been recognized as an important health behavior for mental health and 
well-being (Craft & Landers, 1998; Petruzzello et al., 1991; Rebar et al., 2015). A growing 
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number of recent research centered in the field of exercise psychology has begun to show 
convergent evidence that long-term exercise engagement has positive inffuences on cog-
nitive functions (Chen et al., 2020; Ludyga et al., 2020; Tomporowski & Pesce, 2019; Yu 
et al., 2021). These benefits have been extended to acute cognitive enhancements 
during the recovery period following an acute bout of exercise (Chang et al., 2019; 
Chang & Etnier, 2015). Meta-analyses have provided compelling evidence that acute exer-
cise has a small-to-moderate positive efect on cognitive function across the lifespan 
(Chang et al., 2012; Lambourne & Tomporowski, 2010; Loprinzi et al., 2019; Ludyga 
et al., 2016; Moreau & Chou, 2019; Oberste et al., 2019; Sibley & Etnier, 2003; Wilke 
et al., 2019). Nonetheless, previous meta-analytic reviews primarily focused acute exercise 
efects on behavioral cognitive performance, with only one exception that included chil-
dren’s neural functioning outcomes (Meijer et al., 2020), limiting our understanding of its 
efects on the underlying brain function that support healthy cognitive functioning across 
the lifespan.

The growing interest in human brain since the launch of several research initiatives 
around the world (Grillner et al., 2016), such as the Brain Research through Advancing 
Innovative Neurotechnologies (BRAIN) since 2013 in United States, the Human Brain 
Project (HBP) since 2015 in Europe Union, and the Brain Mapping by Integrated Neuro-
technologies for Disease Studies (Brain/MINDS) since 2014 in Japan, have stimulated exer-
cise psychologists’ efort to investigate the acute neurocognitive responses to exercise 
using a variety of neuroscience approaches in the past decades. Of these techniques, 
event-related potential (ERP) has attracted considerable attention because of its well- 
established associations with information processing underlying goal-directed human 
behaviors (Fabiani et al., 2007). Specifically, the acute exercise literature has focused on 
the simple, choice, and/or cued reaction time requiring attention and its underlying alert-
ing and orienting networks (Petersen & Posner, 2012). Another major focus is executive 
function, which refers to an adaptive and ffexible cognitive processes encompassing inhi-
bition, updating, and shifting in support of goal-directed behavior (Miyake & Friedman,  
2012). Given the increasing number of studies utilizing ERP to assess neuroelectric altera-
tion associated with attention and executive function performance in response to exer-
cise (Chang, 2016; Kao et al., 2020; Pedroso et al., 2017), the current study sought to 
provide the meta-analytic evidence to determine whether and how acute exercise inffu-
ences P3, a neuroelectric marker of brain functioning needed to implement various cog-
nitive processes.

The P3 event-related potential component

Derived from electroencephalography (EEG)1, ERP reffects the patterns of neuroelectric 
activation encompassing perceptual and cognitive processes in response to, or in prep-
aration for, a stimulus or response (Fabiani et al., 2007). During the stimulus evaluation2, 
the P3 (or P300, P3b) is an endogenous and stimulus-locked positive-going deffection 
peaking approximately at or after 300 ms following the stimulus onset (Polich, 2007). 
Because P3 captures covert information processing at the neuroelectric levels and 
reffects brain function and development (Riggins & Scott, 2020; van Dinteren et al.,  
2014), it has been widely used to evaluate neurocognitive efects of exercise (Hillman 
et al., 2012).
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P3 is theoretically explained by the context-updating theory (Donchin & Coles, 1988), 
which posits that when the current attributes of a stimulus difer from the mental rep-
resentation stored in working memory, attentional-driven updating of this memory rep-
resentation is processed concurrently with the elicitation of P3. Further, P3 might reffect 
the neuronal activities involved in context-updating in proportional to the attentional 
demands during which conscious and efortful responses toward the stimuli have to be 
made (Kok, 2001; Näätänen, 1990). These convergent evidences have led to the hypoth-
esis that P3 is a neuroelectric manifestation of neural inhibition to task-irrelevant neuronal 
activity in facilitating the allocation of attentional resources and the evaluative process on 
task-relevant stimulus (Polich, 2007).

P3 measurement and its associated factors

P3 is quantified by its amplitude and latency. P3 amplitude (xV), which is the diference 
between the largest positive peak of the ERP within a window (i.e. 300–700 ms) and 
the mean pre-stimulus baseline, indexes the amount of attentional resource available 
toward stimulus evaluation and/or updating the memory representation (Polich, 2007). 
The P3 latency (ms), which is the time from stimulus onset to the P3 peak, indexes the 
timing of stimulus evaluation and cognitive processing esciency (Verleger, 1997). 
Although these P3 indices modulate as a function of the type of P3-eliciting task and 
the within-task stimulus characteristics (Polich, 2007; Verleger, 2020), increased amplitude 
and decreased latency, with exceptions of P3 modulation during specific tasks that 
require priming, esciency, and complex cognitive strategies (i.e. cue-related, dual-task) 
(Verleger, 2020), are generally related to superior cognitive performance (Brydges et al.,  
2014; Kok, 2001; Polich, 2007). Further, the P3 topographic analysis indicated increasing 
amplitude and decreasing latency from the anterior to the posterior brain regions, with 
maximum amplitude typically observed at the centroparietal region on the midline elec-
trodes (Luck, 2005; Polich, 2007). Such a scalp distribution of P3 overlaps with the P3 gen-
erators centered at the cingulate cortex and temporoparietal areas (Kim, 2014; Polich,  
2003; Soltani & Knight, 2000). Within these potential neural origins, locus coeruleus-nor-
epinephrine (LC-NE) system is an arousal-regulating center that exerts modulatory efects 
on P3 in facilitating stimulus evaluation and decision-making processing of behaviorally 
relevant events (Nieuwenhuis et al., 2005). Indeed, arousal levels contribute to attentional 
activation and information processing (Kok, 1997; Nieuwenhuis et al., 2005), with higher 
arousal levels inducing larger P3 amplitude (Duncan et al., 2009; Polich, 2007). Recent 
research further identified the association of LC activation with P3 (Nieuwenhuis et al.,  
2005), with an intermediate LC activation level associating with the largest P3 amplitude 
(LoTemplio et al., 2021; Murphy et al., 2011).

P3 is also known for its developmental changes throughout the lifespan. P3 amplitude 
increases in early development until its peak during young adulthood, followed by 
gradual decreases with age (van Dinteren et al., 2014). Reversely, P3 latency decreases 
throughout childhood development and begins to increase at middle adulthood (van 
Dinteren et al., 2014). Further, P3 has been identified as a neuroelectric expression of 
sex diference (Hirayasu et al., 2000; Melynyte et al., 2017; Melynyte et al., 2018), individual 
diference related to cognitive disability (Pontifex et al., 2013), and aerobic fitness (Kao 
et al., 2020; Raine et al., 2018). Further, extensive research has established P3 as a 
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neural marker relevant to psychological and behavioral outcomes including, but not 
limited to, personality (Cahill & Polich, 1992), motivation (Carrillo-de-la-Peña & Cadaveira,  
2000), problem behaviors (Petersen et al., 2018), and academic achievement (Polich & 
Martin, 1992). The sensitivity of P3 as a neuroelectric marker to reffect information proces-
sing, arousal activation, and individual diference in neurocognitive development along 
with its relevance to a host of psycho-behavioral outcomes in the field of exercise psychol-
ogy renders P3 measures useful for understanding brain functioning underlying cognitive 
performance in response to arousal-inducing interventions such as exercise.

Acute exercise and P3

Since Hillman’s first research examining P3 in response to acute exercise in comparison 
with a physically inactive condition (Hillman et al., 2003), many research groups replicated 
the acute increases in P3 amplitude and/or decreases in P3 latency following exercise 
(Chang et al., 2017; Hsieh et al., 2018; Pontifex et al., 2015; Tsai et al., 2016; Won et al.,  
2017). However, these patterns of P3 modulation were absent from some studies 
(Ligeza et al., 2018; Xie et al., 2020; Zhou & Qin, 2019) and reversed in the others 
(Kamijo et al., 2004; Kao et al., 2017). The most cited interpretation of these discrepancies 
has been the experimental designs, especially the methodological diference related to 
P3-eliciting tasks, exercise interventions, and target populations.

Task paradigm. Although P3 is a task-dependent neuroelectric activity that modulates 
as a function of cognitive domains as well as the frequency of the within-task stimulus 
(Polich, 2007; Verleger, 2020), exercise-induced modulations of P3 have been reported 
across diferent neurocognitive tasks presenting stimulus with various degrees of predict-
ability (Aly & Kojima, 2020; Bae & Masaki, 2019; Chacko et al., 2020; Chang et al., 2017; Chu 
et al., 2017; Drollette et al., 2014; Hillman et al., 2009; Kao et al., 2018; Pontifex et al., 2021). 
In the acute exercise and P3 literature, these tasks are categorized into attentional and 
executive function domains (Etnier & Chang, 2009), including tasks requiring simple 
stimulus discrimination (Jain et al., 2014; Pontifex et al., 2015), cued-attentional antici-
pation (Chang et al., 2015; Tsai, Chen, et al., 2014) and executive processes of inhibitory 
control, working memory, and cognitive ffexibility (Kao et al., 2020). Despite increased 
P3 amplitude and/or decreased P3 latency have been observed during various attention 
and executive function tasks following acute exercise in the literature (Kao et al., 2020), 
limited studies empirically investigated whether the modulation of P3 in response to 
acute exercise is similar or diferential during tasks requiring diferent cognitive 
domains and presenting P3-eliciting stimulus at diferent probabilities.

Exercise characteristics. Exercise is a physical stressor to increase not only peripheral 
cardiovascular arousal but also neuronal activation (Critchley et al., 2000; McMorris et al.,  
2016). Because arousal level induced by exercise depends on its type, intensity, and dur-
ation (Brisswalter et al., 2002; Kenney et al., 2015; Kliszczewicz et al., 2016), manipulating 
these characteristics is expected to modulate arousal-mediated P3. Although aerobic 
exercise has been repeatedly shown to increase P3 amplitude (Kao et al., 2020), studies 
including diferent exercise modalities (i.e. coordination, resistance) showed similar 
increases in P3 amplitude (Lind et al., 2019; Ludyga et al., 2017; Tsai, Pan, et al., 2021; 
Tsai et al., 2018; Wen & Tsai, 2020; Wu et al., 2019; Xie et al., 2020). Some studies, 
however, found disproportionally larger (Ludyga et al., 2017) or selectively increased 
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(Kao et al., 2017; Kao et al., 2018; O’Leary et al., 2011) P3 amplitude following aerobic com-
pared to other exercise. These diferential efects could also attribute to the intensity of 
exercise, as P3 measures difered following exercise at diferent intensities (Kamijo 
et al., 2004; Kamijo et al., 2007; Kamijo et al., 2009). Specifically, research has indicated 
an inverted-U (Kamijo et al., 2004; Kao et al., 2018) or inverted-J (Kamijo et al., 2007; 
Kao et al., 2017) shaped relationship between exercise intensity and P3 amplitude, 
suggesting that the largest P3 amplitude may be achieved at moderate arousal level 
through moderate-intensity exercise. Though these interrelationships between intensity, 
arousal, and P3 amplitude support the central role of arousal to the neurocognitive 
benefits of acute exercise, exercise-induced changes in P3 amplitude were not always 
intensity-dependent (Kamijo et al., 2009; Tsai, Wang, et al., 2014) and their relations 
with exercise duration have remained unexplored. Of the fewer studies examining the 
associations of P3 latency with exercise intensity, shorter latency was observed following 
high-intensity interval training (HIIT) than aerobic exercise (Kao et al., 2017; Kao et al.,  
2018). These seemingly selective acute changes in P3 following exercise prescribed 
with certain characteristics stem from only a small portion of the literature directly com-
paring multiple treatments, warranting a need to meta-analytically compare available 
efect sizes by diferent exercise parameters employed. Lastly, because the type of non- 
exercise control activity and the timing of exercise before P3 assessment inffuence the 
arousal levels to be contrasted with exercise interventions at a temporal proximity of 
P3 assessment, how these factors related to exercise characteristics afect exercise- 
induced modulation of P3 warrants further investigation (Kao et al., 2020).

Individual diCerence. Previous studies have shown that exercise increased P3 ampli-
tude (Chu et al., 2017; Hsieh et al., 2018) and decreased P3 latency (Kamijo et al., 2009) 
regardless of age and the presence of attention deficit hyperactivity disorder (ADHD) 
(Ludyga et al., 2017; Pontifex et al., 2013). However, some studies showed increases in 
amplitude following exercise selectively in younger (Kamijo et al., 2009), more aerobically 
fit (Tsai et al., 2016; Tsai, Chen, et al., 2014), and low cognitively competent (Drollette et al.,  
2014) individuals than their older, less fit, and more cognitively competent counterparts. 
Further, various research groups have focused on modulations of P3 only in males follow-
ing exercise (Chu et al., 2017; Du Rietz et al., 2019; Hsieh et al., 2018; Jain et al., 2014; 
Kamijo et al., 2009; Ligeza et al., 2018; Tsai et al., 2016; Won et al., 2017) because of the 
neuroanatomical and neurochemical diference underlying the generation of P3 
between sexes (Melynyte et al., 2018). Taken together, although individual diference 
factors that may moderate acute exercise efects on P3 have been identified, the specu-
lated moderation efect remains to be comprehensively determined.

Purpose

While exercise has been known for its cognitive benefits, the current understanding of 
exercise-induced efects on brain function remains in its infancy. In response to the U.S. 
guideline’s call for determining the efects of acute exercise on brain function and poten-
tial moderators (Chang et al., 2019; Erickson et al., 2019; Physical Activity Guidelines Advi-
sory Committee, 2018), a few earlier systematic reviews exist to synthesize the acute efect 
of on P3 (Chang, 2016; Kao et al., 2020; Meijer et al., 2020; Pedroso et al., 2017). Although 
one of these reviews on a variety of neurophysiological outcome measures demonstrated 
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a small efect (d = 0.42) of acute physical activity efects on P3 amplitude (Meijer et al.,  
2020), this meta-analytic finding was obtained only from studies in 5–12 years old children 
and did not include potential moderators and P3 latency in the analysis. The present sys-
tematic review aimed to meta-analytically review studies using randomized or non-ran-
domized controlled trial and within-subject crossover designs to evaluate the efects of 
acute exercise as compared with non-exercise control activities on P3 amplitude and 
latency as well as to conduct moderator analyses to test whether these efects were 
inffuenced by task paradigm, exercise characteristics, and individual diference. Identify-
ing these moderators would inform the design of exercise programs that target brain 
functioning underlying domains of cognitive processes in diferent populations. This 
study is expected to make a significant and practically relevant contribution by (1) 
ofering guidance on the use of exercise for altering brain function that supports cognitive 
performance and (2) providing neuroscience evidence to refine sport and exercise psy-
chology theories on human arousal and performance in response to physiological 
stressors.

Materials and methods

Study eligibility criteria

The meta-analysis was prospectively registered in the International Prospective Register 
of Systematic Reviews (CRD42020148238) and conducted in accordance with the 
PRISMA statement (Moher et al., 2009). We included studies that examined the efects 
of acute exercise on P3/P3b/P300 in human samples published in English. The inclusion 
criteria were: (1) Participants: healthy and cognitive impaired participants with no age 
limitation; (2) Interventions: the studies included acute exercise intervention; ‘acute’ 
was defined as ‘performed on a single day’ and ‘exercise’ was defined as ‘a type of physical 
activity consisting of planned, structured, and repetitive bodily movement done to 
improve and/or maintain one or more components of physical fitness’ according to the 
American College of Sports Medicine (American College of Sports Medicine, 2014); (3) 
Study designs: intervention study using between-subject pretest-posttest and posttest 
only, within-subject crossover pretest-posttest and posttest only (Pontifex et al., 2019); 
(4) Control groups/conditions: studies included at least a non-exercise condition/group 
as a control; (5) Outcome measures: studies assessed P3/P3b/P300 by ERPs. We excluded 
conference abstracts, dissertations, theses, and articles from non–peer-reviewed journals. 
Additionally, case report and case series research designs were excluded.

Information sources, search strategies, and study selection

A systematic search of the literature was conducted in databases of PubMed, Scopus, and 
Web of Science from inception to November 24, 2021. The searches combined the terms 
of acute exercise with P3: (‘physical activity’ OR ‘physical activities’ OR ‘physical condition-
ing’ OR ‘resistance exercise’ OR ‘strength training’ OR ‘walking’ OR ‘exercise’ OR ‘acute 
exercise’ OR ‘a single bout’ OR ‘sport’ OR ‘aerobic activity’ OR ‘aerobic activities’ OR ‘car-
diovascular activity’ OR ‘cardiovascular activities’ OR ‘endurance activity’ OR ‘endurance 
activities’ OR AND ‘event-related potential’ OR ‘ERP’ OR ‘electroencephalography’ OR 
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‘EEG’ OR ‘P3’ OR ‘P3b’ OR ‘P300’). Additionally, other sources, such as references from rel-
evant review articles (Kao et al., 2020; Ludyga et al., 2020), were included as additional 
records. The search results were independently screened for eligibility and excluded 
articles with irreverent title or abstract by two reviewers (SCK, FTC). Full-text articles 
were received when the title or abstract met the inclusion criteria. When any disagree-
ment occurred, the consensus was reached through consulting a third senior reviewer 
(YKC).

Data collection and extraction process

Data extraction was piloted on three eligible articles among three reviewers (SCK, FTC, 
ESD) to ensure consistency. The three reviewers then independently (with a 33% 
overlap on articles reviewed) extracted the P3 amplitude and latency outcomes along 
with the following information: (1) first author’s name and publication year; (2) exper-
imental design; (3) characteristics of the study sample and experiment; (4) P3-eliciting 
task; and (5) characteristics of exercise interventions. The three reviewers met to 
compare extracted data and resolved disagreements through discussion.

Means and standard deviations (SDs) of P3 amplitude and latency values during P3-eli-
citing cognitive tasks were extracted from midline electrodes (i.e. Fz, FCz, Cz, CPz, Pz, POz, 
Oz) included in each study’s original analysis. For studies with multiple P3 outcomes from 
a single task, only the task condition with the highest demand (as determined by 
reviewers, Table S1) on the respective cognitive domain was extracted.

For each cognitive task condition of interest in each sample group in a given study, we 
first calculated the mean P3 amplitude value at each of the included midline electrodes 
averaged across interventions and testing time points (i.e. the averaged amplitude 
across exercise and control conditions during the pretest and posttest incongruent con-
dition of a ffanker task at Fz, Cz, and Pz electrode sites, respectively, for a within-subject 
study using pretest/posttest comparisons, a ffanker task, and Fz, Cz, and Pz electrode sites 
in the original analysis). The purpose of this step was to allow the identification of the 
midline electrode that shows the largest P3 amplitude. Next, P3 amplitude and latency 
of that identified electrode were used to calculate efect sizes for the study. This data- 
driven approach was chosen to enable the examination on the actual P3 for each 
study sample. Two separate meta-analyses were performed to investigate acute exercise 
efects on P3 amplitude and latency. Studies (n = 10) that only reported P3 amplitude 
were not included in the analysis on P3 latency.

Studies that did not report necessary information were formed as a ‘Not Reported’ cat-
egory in the moderator analysis. Experimental design was coded based on a recent review 
with the pre-experimental design being excluded (Pontifex et al., 2019), including ran-
domized between-subjects pretest-posttest comparison, non-randomized between-sub-
jects pretest-posttest comparison, randomized between-subjects posttest comparison, 
within-subjects crossover posttest comparison, and within-subjects crossover pretest- 
posttest comparison. Studies including more than one group were considered as 
between-subjects design studies only when at least one group was assigned to receive 
a control activity intervention in comparison with the exercise group(s).

Categorical variables were created based on (1) task paradigm, including cognitive 
domain (attention, inhibitory control, working memory, cognitive ffexibility) and stimulus 
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probability (<50%, 50%, >50% –<100%, 100%), (2) exercise characteristics, including type 
(aerobic, HIIT, resistance, coordination, and combined), intensity (low, moderate, and high 
according to reported objective [e.g. heart rate, one-repetition maximum] or subjective 
[e.g. rating of perceived exertion]) measures3 (American College of Sports Medicine,  
2014), duration (≤10, 11–20, 21–30 min), volume (≤100, 101–200, ≥201 metabolic equiv-
alent [MET, 3.5 ml O2/kg/min] estimated by the intensity and duration of exercise adjusted 
for age) (American College of Sports Medicine, 2014), timing before P3 assessment (≤15, 
15–30, ≥31 min), and control activity (baseline, disengagement, cognitive engagement, 
active), and (3) individual diference, including sex (male, female, both), age (≤18, 19– 
35, 36–60, >60), aerobic fitness (low [<34%], medium [34–66%], high [>66%])4, and cog-
nitive ability (healthy, impaired). The range for variables that were converted into cat-
egories were specified a priori, with the exception of timing before P3 assessment and 
exercise volume which were determined based on distributions.

Risk of bias assessment

Three previously trained reviewers (SCK, FTC, ESD) independently assessed the quality of 
the studies selected. The initial agreement among reviewers’ risk of bias scores was strong 
(Fleiss Multirater Kappa = .850). Disagreements between reviewers were solved in a con-
sensus meeting with the senior reviewer (YKC). Due to the unique experimental designs 
employed to evaluate acute exercise efects on cognition studies, the risk of bias was 
assessed using an adapted PEDro checklist (https://www.pedro.org.au/), including (1) 
random allocation; (2) concealed allocation; (3) baseline comparability; (4) blinded asses-
sors; (5) between-group analysis; (6) outcome point estimates; (7) exercise description; 
and (8) P3 assessment description. A similar protocol was used in the issue of acute exer-
cise and cognition (Loprinzi et al., 2019). Reviewers assigned 0 when the study did not 
meet a criterion (or not clear) and 1 when a criterion was met. Studies using within- 
subject designs were assigned 1 for random allocation, concealed allocation, baseline 
comparability, and between-group analysis. Publication bias was assessed using the 
Funnel plot and Egger’s regression.

Data analysis

Means and SDs of P3 amplitude and latency data were used to calculate efect sizes, 
accounting for specifics of the research design. Mean gain scores for each treatment, 
post-treatment SDs, and sample size were used to determine efect sizes in randomized 
and non-randomized between-subject pretest-posttest comparison studies or within-sub-
jects crossover pretest-posttest comparison studies. Mean, SD, and sample size in each 
group were used to calculate efect sizes for the randomized between-subject posttest 
comparison studies. For the within-subjects crossover posttest comparison studies, 
efect sizes were calculated using means and SDs of diference scores between exercise 
and control conditions. When latency values were used as the outcome variable the 
efect size obtained from study data was multiplied by −1. Consequently, positive 
efect sizes indicate either increased P3 amplitude or decreased P3 latency in the treat-
ment group/condition than in the control group/condition. The calculated efect sizes 
were transformed to the bias-corrected Hedges’ g.
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The overall meta-analysis, subgroup analysis, and moderator analysis were conducted 
in the R software environment using the metafor package (Viechtbauer, 2010). To account 
for the dependency between efect sizes, a multilevel analysis was conducted (see Guc-
ciardi et al., 2022 for review; Moreau & Chou, 2019) using a procedure that adds 
random efects at each level of possible dependency to reduce inffation while preserving 
valuable information provided by studies that reported multiple efect sizes (Viechtbauer,  
2010). The multilevel analysis had two clustering variables (i.e. levels). First, we modeled 
dependency at the study-design level (i.e. within-subjects and between-groups designs). 
Second, we modeled dependency at the sample level (i.e. within-samples reporting 
results in multiple tests and/or samples with two or more comparison groups/conditions). 
For example, a group undergoing three sessions (i.e. control, low-intensity exercise, and 
high-intensity exercise) included dependency across all outcome scores given that the 
same control session score was compared with both the low-intensity and high-intensity 
session scores.

To assess heterogeneity, we conducted a visual inspection of the forest plot to appraise 
the variation in study-level efect sizes and the amount of overlap in the 95% confidence 
intervals. We used Cochran’s Q test to assess the extent to which all studies shared a 
common efect size (s = 0.10). Additionally, we considered the percentage of total vari-
ation in estimated efects due to between-study variation (I2); a value of 25% was con-
sidered to reffect low heterogeneity, 50% to reffect moderate heterogeneity, and 75% 
to reffect high heterogeneity (Higgins et al., 2003). To assess publication bias, we con-
ducted a visual inspection of the distribution of the funnel plot of meta-analyzed 
studies and performed the Egger’s test (s = 0.05) of the intercept (Egger et al., 1997). 
The potential impact of any publication bias on the observed efect was addressed by 
the trim-and-fill approach (Duval & Tweedie, 2000).

Results

Characteristics of included studies

Our initial search retrieved 15,308 records from databases and 12 records from other 
sources. 6,749 records remained after de-duplication. Following the screening of title 
and abstract, 66 potentially eligible articles were identified. Of these studies, 20 were 
excluded after full-text assessments because of (1) pre-experimental and single-subject 
design designs (n = 13) (Dimitrova et al., 2017; Duzova et al., 2005; Gowsi et al., 2016; 
Grego et al., 2004; Kota et al., 2013; Kumar et al., 2010; Magnie et al., 2000; Nakamura 
et al., 1999; Popovich & Staines, 2015; Scanlon et al., 2017; Shibasaki et al., 2019; Tsai, 
Hsieh, et al., 2021; Yagi et al., 1999); (2) reanalysis of previously reported data (n = 1) (Droll-
ette et al., 2014); (3) no P3 outcomes at midline electrodes (n = 3) (Stroth et al., 2009; Wang 
et al., 2016; Wu et al., 2021); (4) reporting P3 during exercise or in relation to fitness (n = 2) 
(Keye et al., 2021; Liebherr et al., 2021); and (5) using P3 to index appetite responses to 
food cues (n = 1) (Carbine et al., 2020). Forty-six remaining studies were reviewed and dis-
agreements were solved in a meeting between reviewers and the senior expert (YKC). 
Because data from 7 studies were not available from the full-text and study authors 
after 3 attempts of contact (Bailey et al., 2021; Chu et al., 2015; Fearnbach et al., 2016; 
Fearnbach et al., 2017; Kumar et al., 2012; Swatridge et al., 2017; Winneke et al., 2019), 
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39 studies were included in the meta-analysis. The ffow diagram of the study selection 
process following Preferred Reporting Items for Systematic Review and Meta-analysis 
(PRISMA) guidelines is shown in Figure 1. Descriptive statistics of risk of bias measures 
were shown in Table 1 and Fig. S1.

A summary of study details is shown in Table 2. Most included studies employed 
within-subject crossover posttest comparison design (n = 23), followed by within- 
subject crossover pretest-posttest comparison design (n = 7), randomized between- 
subject pretest-posttest comparison design (n = 6), non-randomized between-subject 
pretest-posttest comparison design (n = 2), and randomized between-subject posttest 
comparison design (n = 1). One study assessed P3 in multiple cognitive domains 
(Chang et al., 2015). In a study using two variations of GoNogo tasks, efect sizes obtained 
during a modified GoNogo task to elicit craving for methamphetamine in methamphet-
amine-dependent individuals were excluded (Wang et al., 2015). Twenty-five studies 
investigated one exercise intervention while 14 studies investigated two or more 
diferent interventions. Thirty-one studies included one sample group and eight studies 
included two developmentally diferent groups. Because some studies included multiple 
cognitive domains, exercise interventions, and samples, a total of k = 67 efect sizes were 

Figure 1. PRISMA study flow diagram of study selection.
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analyzed. Of the 67 efects, P3 amplitude was peaked at Cz (k = 20), CPz (k = 12), Pz (k =  
31), POz (k = 2), and Oz (k = 2). Tables 3 and 4 summarizes the overall and moderator ana-
lyses on amplitude and latency.

P3 amplitude

Overall ECect. The meta-analytic estimate of this efect was small-to-moderate (g =  
0.315) (Figure 2), with moderate heterogeneity (I2 = 50%). The visual inspection of the 
funnel plot (Figure 3) was suggestive of asymmetry at the bottom and the findings in 
Egger’s test was statistically significant (Z = 4.627, p < .001). The imputed overall efect 
size using the trim-and-fill method was smaller (g = 0.191, CI = 0.074–0.309), with larger 
heterogeneity (I2 = 75%) than the meta-analytic estimate, Q(78) = 241.3, p < .001.

Table 1. Detailed risk of bias quality assessment of each criterion for all studies included (n = 39).
C1 C2 C3 C4 C5 C6 C7 C8

Aly and Kojima (2020) 1 0 1 0 1 1 1 1
Bae and Masaki (2019) 1 1 1 0 1 1 1 0
Chacko et al. (2020) 1 1 1 0 1 1 1 1
Chang et al. (2017) 1 0 1 0 1 1 1 0
Chang et al. (2015) 1 1 0 0 1 1 1 0
Chu et al. (2017) 1 1 1 0 1 1 1 0
Du Rietz et al. (2019) 1 1 1 0 1 1 1 1
Hillman et al. (2009) 1 1 1 0 1 1 1 0
Hillman et al. (2003) 1 1 1 0 1 1 1 0
Hsieh et al. (2018) 1 1 1 0 1 1 1 1
Hung et al. (2016) 1 1 1 0 1 1 1 0
Jain et al. (2014) 1 1 1 0 1 1 1 0
Kamijo et al. (2009) 1 1 1 0 1 1 1 1
Kamijo et al. (2004) 1 1 1 0 1 1 1 1
Kamijo et al. (2007) 1 1 1 0 1 1 1 1
Kao et al. (2018) 1 1 1 0 1 1 1 1
Kao et al. (2020) 1 1 1 0 1 1 1 1
Kao et al. (2017) 1 1 1 0 1 1 1 1
Ligeza et al. (2018) 1 1 1 0 1 1 1 1
Lind et al. (2019) 1 0 1 0 1 1 1 1
Ludyga et al. (2017) 1 1 1 0 1 1 1 1
McGowan et al. (2019) 1 1 1 0 1 1 1 1
O’Leary et al. (2011) 1 1 1 0 1 1 1 0
Pontifex et al. (2015) 1 1 1 0 1 1 1 1
Pontifex et al. (2021) 1 1 1 1 1 1 1 1
Pontifex et al. (2013) 1 1 1 0 1 1 1 0
Scudder, Drollette, Pontifex, and Hillman (2012) 1 1 1 0 1 1 1 0
Tsai, Chen, et al. (2014) 0 0 1 0 1 1 0 0
Tsai, Wang, et al. (2014) 1 0 1 0 1 1 1 0
Tsai et al. (2016) 0 0 1 0 1 1 0 0
Tsai et al. (2021) 1 1 1 0 1 1 1 0
Tsai et al. (2018) 1 0 1 0 1 1 0 0
Wang et al. (2015) 1 1 1 0 1 1 1 0
Wen and Tsai (2020) 1 0 1 0 1 1 1 0
Won et al. (2017) 1 1 1 0 1 1 1 0
Wu et al. (2019) 1 1 1 0 1 1 1 0
Xie et al. (2020) 1 1 1 0 1 1 1 0
Yu et al. (2020) 1 1 1 0 1 1 1 1
Zhou and Qin (2019) 1 1 1 0 1 1 1 1

Note: C1 refers to random allocation; C2 refers to concealed allocation; C3 refers to baseline comparability; C4 refers to 
blinded assessors; C5 refers to between-group analysis; C6 refers to outcome point estimates; C7 refers to adequate 
assessment/reporting of exercise intervention; and C8 refers to adequate assessment/reporting of P3 recording and 
data analysis.
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Table 2. Summary of the experimental studies examining the acute ebect of exercise intervention on P3 (n = 39)

Study
Participant & Experiment 

Characteristics Task Paradigm Exercise Characteristics
Exercise Timing Before 

P3 Measure Control Activity

Randomized between-subject pretest posttest comparison design (n = 6)
Aly et al. 

(2020)
Control group (n = 20, male =  

70%, 23.1y, VO2max = 47.3 ± 8.5) 
Aerobic group (n = 20, male =  
70%, 22.9y, VO2max = 47.8 ± 6.6)

Inhibition (Flanker task, 50% 
incongruent trial)

15-min moderate-intensity (67.5% HRmax) 
exercise for aerobic group

N/A Cognitive 
disengagement

Lind et al. 
(2019)

Control group (n = 16, male =  
59.3%, 11.7y) 
Walking football group (n = 16, 
male = 59.3%, 11.8y) 
Real football group (n = 17, 
male = 59.3%, 11.9y)

Inhibition (Flanker task, 50% inconguent 
trial)

20-min moderate-intensity (50% HRR 
estimated) combined exercise for walking 
football group 
20-min high-intensity (75% HRR 
estimated) combined exercise for real 
football group

26 min before P3 
measure

Baseline

Zhou et al. 
(2019)

Control group (n = 36, male =  
50%, 19.9 ± 1.3y) 
Aerobic group (n = 36, male =  
50%, 20.3 ± 1.3y)

Inhibition (Stroop task, 50% 
incongruente trial)

20-min moderate-intensity (66.5% HRmax) 
aerobic exercise

15 min before P3 
measure

Cognitive 
engagement

Tsai, Wang, 
et al. (2014b)

Control group (n = 20, male =  
100%, 23.2 ± 2.1y) 
Moderate-intensity group (n =  
20, male = 100%, 23.2 ± 2.5y) 
High-intensity group (n = 20, 
male = 100%, 22.4 ± 2.4y)

Inhibition (Go/Nogo task and Flanker 
task, 50% incongruente nogo trial)

30-min moderate-intensity (50% 1RM) 
resistance exercise for moderate-intensity 
group 
30-min high-intensity (80% 1RM) 
resistance exercise for high-intensity 
group

5 min before P3 
measure

Cognitive 
engagement

Tsai et al. 
(2018)

Control group (n = 20, aMCI male  
= 40%, 64.5 ± 7.0y, VO2max =  
24.6 ± 3.4) 
Aerobic group (n = 25, aMCI 
male = 44%, 65.5 ± 7.5y, 
VO2max = 24.9 ± 5.1) 
Resistance group (n = 21, aMCI 
male = 42.9%, 66.1 ± 6.6y, 
VO2max = 23.6 ± 4.6)

Inhibition (Flanker task, 45% 
incongruente trial)

30-min high-intensity (65–75% HRR) 
aerobic exercise for aerobic group 
30-min high-intensity (75% 1RM) 
resistance exercise for resistance group

5 min before P3 
measure

Cognitive 
engagement

Wen et al. 
(2020)

Control group (n = 16, male = 0%, 
32.9 ± 7.0y, VO2max = 24.7 ± 4.7) 
Exercise group (n = 16, male =  
0%, 33.1 ± 6y, VO2max = 24.5 ±  
4.9)

Inhibition (Stroop test, 50% 
congruentent trial)

30-min moderate-intensity (55%HRR) 
aerobic (60% HRR) and resistance 
(unspecified intensity) combined exercise

28.4 min before P3 
measure

Cognitive 
disengagement

(Continued ) 
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Table 2. Continued.

Study
Participant & Experiment 

Characteristics Task Paradigm Exercise Characteristics
Exercise Timing Before 

P3 Measure Control Activity

Non-randomized between-subject pretest posttest comparison design (n = 2)
Tsai, Chen, 

et al. (2014a)
Control group (n = 20, male =  

100%, 22.2 ± 1.7y, VO2max = 46.6  
± 9.4) 
Lower-fit group (n = 20, male =  
100%, 23.1 ± 2.2y, VO2max = 36.0  
± 3.6) 
Higher-fit group (n = 20, male =  
100%, 22.2 ± 2.2y, VO2max = 58.0  
± 6.7)

Attention (Visuospatial attention task, 
30% invalid cued trial)

30-min moderate-intensity (60% VO2max) 
aerobic exercise

15–20 min before P3 
measure

Cognitive 
engagement

Tsai et al. 
(2016)

Control group (n = 20, male =  
100%, 22.6 ± 1.7y, VO2max = 47.7  
± 8.9) 
Lower-fit group (n = 20, male =  
100%, 22.7 ± 1.9y, VO2max = 36.9  
± 3.9) 
Higher-fit group (n = 20, male =  
100%, 22.2 ± 2.2y, VO2max = 59.8  
± 7.5)

Cognitive flexibility (Task-switching task, 
50% mixed switching trial)

30-min moderate-intensity (60% VO2max) 
aerobic exercise

15–20 min before P3 
measure

Cognitive 
engagement

Randomized between-subject posttest comparison design (n = 1)
Chang et al. 

(2015)
Control group (n = 15, male =  

53%, 20.2 ± 1.5y, VO2max = 48.4) 
Exercise group (n = 15, male =  
53%, 21.7 ± 3.8y, VO2max = 47.8)

Attention (Attentional Network Task, 
25% double-cue trial) 
Inhibition (Attentional Network Task, 
33% incongruent trial)

30-min moderate-intensity (73% HRmax) 
aerobic exercise

10 min before P3 
measure

Cognitive 
engagement

Within-subject crossover posttest comparison design (n = 23)
Bae et al. 

(2019)
Young adults (n = 29, male = 48%, 

21.4y, VO2max = 44.5 ± 8.5)
Cognitive flexibility (Task-switching task, 

50% mixed switching trial)
30-min moderate-intensity (68% HRmax) 

aerobic exercise
25 min before P3 

measure
Cognitive 

engagement
Chang et al. 

(2017)
Young adults (n = 30, male =  

56.7%, 22.7 ± 1.5y, VO2max =  
44.5 ± 8.5)

Inhibition (Stroop task, 36.6% 
incongruent trial)

20-min moderate-intensity (75.7% HRmax) 
aerobic exercise

15 min before P3 
measure

Cognitive 
engagement

Chu et al. 
(2017)

Children (n = 20, male = 100%, 
10.5 ± 0.5y, VO2max = 50.6 ± 8.2) 
Young adults (n = 20, male =  
90%, 20.4 ± 1.2y, VO2max = 49.2  
± 7.6)

Inhibition (Stroop task, 33.3% 
incongruent trial)

20-min high-intensity (79.4% HRmax) 
aerobic exercise

Immediately before P3 
measure

Cognitive 
engagement

(Continued ) 
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Table 2. Continued.

Study
Participant & Experiment 

Characteristics Task Paradigm Exercise Characteristics
Exercise Timing Before 

P3 Measure Control Activity

Hillman et al. 
(2003)

Young adults (n = 19, male =  
52.6%, 20.5 ± 0.5y, VO2max =  
48.4 ± 3.0)

Inhibition (Flanker task, 50% 
incongruent trial)

30-min high-intensity (83.5% HRmax) 
aerobic exercise

48 min before P3 
measure

Baseline

Hillman et al. 
(2009)

Children (n = 20, male = 60%, 9.6  
± 0.7y, VO2max = 40.1 ± 8.9)

Inhibition (Flanker task, 50% 
incongruent trial)

20-min moderate-intensity (65.7% HRmax) 
aerobic exercise

25 min before P3 
measure

Cognitive 
disengagement

Hsieh et al. 
(2018)

Young adults (n = 24, male =  
100%, 24.0 ± 3.1y, VO2max = 54.2  
± 8.9) 
Old adults (n = 20, male = 100%, 
70.0 ± 3.3y, VO2max = 33.8 ± 2.5)

Inhibition (Stroop task, 30% incongruent 
trial)

20-min moderate-intensity (76.5% HRmax) 
aerobic exercise for young adults 
20-min high-intensity (83.3% HRmax) 
aerobic exercise for old adults

15 min before P3 
measure

Cognitive 
engagement

Hung et al. 
(2016)

ADHD children (n = 34, male =  
97%, 10.2 ± 1.7y)

Cognitive flexibility (Task-switching task, 
50% mixed switching trial)

20-min high-intensity (77.5% HRmax) 
aerobic exercise

N/A Cognitive 
engagement

Jain et al. 
(2014)

Young adults (n = 14, male =  
100%, 18.6 ± 0.9y, VO2max = 54.2  
± 8.9)

Attention (2-stimulus oddball task, 20% 
target trial)

8-min high-intensity (95.6% HRmax) aerobic 
exercise

N/A Baseline

Kamijo et al. 
(2004)

Young adults (n = 12, male =  
100%, 27.5y)

Inhibition (Go/Nogo task, 50% nogo 
trial)

18-min light-intensity (RPE = 7.5) aerobic 
exercise 
18-min moderate-intensity (RPE = 12.9) 
aerobic exercise 
18-min high-intensity (RPE = 19.5) 
aerobic exercise

3 min before P3 
measure

Baseline

Kamijo et al. 
(2007)

Young adults (n = 12, male =  
100%, 25.7 ± 0.7y)

Inhibition (Go/Nogo task, 50% nogo 
trial)

20-min light-intensity (60.8% HRmax) 
aerobic exercise 
20-min moderate-intensity (69.1% HRmax) 
aerobic exercise 
20-min moderate-intensity (76.8% HRmax) 
aerobic exercise

3 min before P3 
measure

Baseline

Kamijo et al. 
(2009)

Young adults (n = 12, male =  
100%, 21.8 ± 0.6y, VO2max = 52.2  
± 2.1) 
Older adults (n = 12, male =  
100%, 65.5 ± 1.5y, VO2max = 32.4  
± 1.3)

Inhibition (Flanker task, 50% 
incongruent trial)

20-min light-intensity (Young adults: 55.1% 
HRmax; older adults: 55.2% HRmax) aerobic 
exercise 
20-min moderate-intensity (Young adults: 
74.6% HRmax; old adults: 74.1% HRmax) 
aerobic exercise

2 min before P3 
measure

Baseline

Kao et al. 
(2017)

Young adults (n = 64, male = 42%, 
19.2 ± 0.8y, VO2max = 48.7 ±  
10.0)

Inhibition (Flanker task, 50% 
incongruent trial)

16-min moderate-intensity (66% HRmax) 
aerobic exercise 
6.5-min high-intensity (91% HRmax) 
interval exercise

20 min before P3 
measure

Cognitive 
disengagement

(Continued ) 
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Table 2. Continued.

Study
Participant & Experiment 

Characteristics Task Paradigm Exercise Characteristics
Exercise Timing Before 

P3 Measure Control Activity

Kao et al. 
(2018)

Young adults (n = 36, male = 50%, 
21.5 ± 3.1y, VO2max = 46.6 ± 1.7)

Inhibition (Flanker task, 50% 
incongruent trial)

16-min moderate-intensity (70% HRmax) 
aerobic exercise 
16-min high-intensity (88.6% HRmax) 
interval exercise

30 min before P3 
measure

Cognitive 
disengagement

Kao et al. 
(2020)

Young adults (n = 23, male =  
47.8%, 19.2 ± 0.6y, VO2max =  
48.8 ± 8.0)

Working memory (N-back task, 33% 
target trial)

16-min moderate-intensity (66% HRmax) 
aerobic exercise

12 min before P3 
measure

Cognitive 
disengagement

Ligeza et al. 
(2018)

Young adults (n = 18, male =  
100%, 24.9 ± 2.2y, VO2max = 50.5  
± 8.0)

Inhibition (Flanker task, 50% 
incongruent trial)

24-min high-intensity (78% HRmax) aerobic 
exercise 
24-min high-intensity (87% HRmax) 
interval exercise

13 min before P3 
measure

Cognitive 
engagement

O’Leary et al. 
(2011)

Young adults (n = 36, male = 50%, 
21.2 ± 1.5y, VO2max = 45.2 ± 5.9)

Inhibition (Flanker task, 50% 
incongruent trial)

20-min light-intensity (60% HRmax) aerobic 
exercise 
20-min light-intensity (59% HRmax) 
combined exercise

22 min before P3 
measure

Cognitive 
disengagement

Pontifex et al. 
(2013)

Typically developed children (n =  
20, male = 70%, 9.8 ± 0.1y) 
ADHD children (n = 20, male =  
70%, 9.4 ± 0.5y)

Inhibition (Incompatible flanker task, 
50% incongruent trial)

20-min light-intensity (60.7% HRmax) 
aerobic exercise

27.4 min before P3 
measure

Cognitive 
disengagement

Scudder et al. 
(2012)

Young adults (n = 37, male =  
51.4%, 19.7 ± 1.3y, VO2max =  
47.2 ± 7.3)

Working memory (AX-CPT task, 12% 
trials correctly cued followed by less 
probable imperative stimulus)

30-min light-intensity (60.7% HRmax) 
aerobic exercise

21.9 min before P3 
measure

Cognitive 
engagement

Wang et al. 
(2015)

Adults (n = 24, male = 83.3%, 31.5  
± 6.6y, VO2max = 43.7 ± 8.2)

Inhibition (Go/Nogo task, 25% nogo 
trial)

20-min high-intensity (81.3% HRmax) 
aerobic exercise

N/A Cognitive 
engagement

Won et al. 
(2017)

Adults (n = 12, male = 100%, 24.8  
± 2.1y)

Inhibition (Stroop task, 50% incongruent 
trial)

20-min moderate-intensity (67.5% HRmax) 
aerobic exercise 
20-min moderate-intensity (68.2% HRmax) 
combined exercise

N/A Cognitive 
disengagement

Wu et al. 
(2019)

Adults (n = 30, male = 56.7%, 21.2  
± 1.3y, VO2max = 45.5 ± 11.5)

Cognitive flexibility (Task-switching task, 
50% mixed switching trial)

20-min moderate-intensity (71.6% HRmax) 
aerobic exercise 
20-min moderate-intensity (52.5% 1RM) 
resistance exercise

30 min before P3 
measure

Cognitive 
disengagement

Xie et al. 
(2020)

Adults (n = 16, male = 100%, 24.5  
± 5.1y, VO2max = 29.7 ± 12.4)

Inhibition (flanker task, 50% incongruent 
trial)

20-min high-intensity (85% HRmax) interval 
exercise

15 min before P3 
measure

Cognitive 
disengagement

Yu et al. 
(2020)a

Children with ADHD (n = 24, male  
= 96%, 9.9 ± 1.3y, VO2max = 41.5)

Inhibition (flanker task, 50% incongruent 
trial)

20-min moderate-intensity (69.7% HRmax) 
aerobic exercise

30 min before P3 
measure 
60 min before P3 
measure

Cognitive 
engagement
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Table 2. Continued.

Study
Participant & Experiment 

Characteristics Task Paradigm Exercise Characteristics
Exercise Timing Before 

P3 Measure Control Activity

Within-subject crossover pretest posttest comparison design (n = 7)
Chacko et al. 

(2020)
Adults (n = 15, male = 53.3%, 26.8  

± 5.1y)
Inhibition (Go/nogo Task, 50% nogo 

trial)
30-min high-intensity (67.5% HRR) aerobic 

exercise
Immediately before P3 

measure
Cognitive 

engagement
Du Rietz 

(2019)
Adults (n = 21 for inhibition task, n  

= 25 for attention task, male =  
53.3%, 21.5 ± 2.5y)

Inhibition (Go/nogo Task, 50% nogo 
trial) 
Attention (Sim+ple reaction time task, 
100%)

20-min high-intensity (91% HRmax) aerobic 
exercise

30 min before P3 
measure during 
inhibition task 
54 min before P3 
measure during 
attention task

Cognitive 
engagement

Ludyga et al. 
(2017)

Typically developed children (n =  
17, male = 55.6%, 13.5 ± 1.3y) 
ADHD children (n = 16, male =  
69%, 12.8 ± 1.8y)

Inhibition (Flanker task, 50% 
incongruent trial)

20-min moderate-intensity (70% HRmax) 
aerobic exercise 
20-min moderate-intensity (66% HRmax) 
coordination exercise

10 min before P3 
measure

Cognitive 
engagement

McGowen 
et al. (2019)

Adults (n = 58, male = 44.8%, 19.2  
± 1.0y, VO2max = 46.5 ± 8.7)

Inhibition (Flanker task, 50% 
incongruent trial)

20-min moderate-intensity (71.3% HRmax) 
aerobic exercise

10 min before P3 
measure

Active

Pontifex et al. 
(2015)

Adults (n = 34, male = 47.1%, 19.3  
± 0.9y)

Attention (3-stimulus oddball task, 12% 
target trial)

20-min moderate-intensity (69.2% HRmax) 
aerobic exercise

4 min before P3 
measure

Cognitive 
engagement

Pontifex et al. 
(2021)b

Adults (n = 70, male = 0%, 19.5 ±  
1.1y)

Inhibition (Flanker task, 50% 
incongruent trial)

20-min moderate-intensity (70.4% HRmax) 
aerobic exercise

5 min before P3 
measure

Cognitive 
engagement

Tsai et al. 
(2021)

Adults (n = 21, male = 48%, 60.6 ±  
5.0y)

Working memory (S1-S2 delayed 
matching task, 66% matched trial)

24-min moderate-intensity (52.5% HRR) 
aerobic exercise 
24-min high-intensity (72.5% HRR) 
interval exercise

5 min before P3 
measure

Cognitive 
engagement

Note: ADHD: attention-deficit hyperactivation disorder; aMCI: amnestic mild cognitive impairment; HRmax: maximum heart rate; HRR: heart rate reserve; N/A: not applicable; RPE: rating of per-
ceived exertion; 1RM: one-repetition maximum; VO2max: maximum oxygen consumption (ml/kg/min). 

aExercise-control comparison at 30-min and 60-min were used to calculate two separate ebect sizes. 
bThough high and low anxious samples were included in this study, two groups were collapsed to generate one ebect size because the study showed that exercise-induced ebect on P3 was not 

moderated by anxiety level.
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Table 3. Summary of overall and moderator analyses on P3 amplitude.
Z/Q(df), p, I2 #ES ES and CI

Overall Edect Z = 6.076***, p < .001, I2 = 50% 67 0.315*** [0.214, 0.417)]
Experimental Design Q(4) = 1.767, p = .778, I2 = 53%

Between, Pre-Post, Rand. 9 0.378* [0.084, 0.672]
Between, Pre-Post, non-Rand. 4 0.435 [−0.046, 0.915]
Between, Post, Rand. 2 0.705 [−0.095, 1.504]
Within, Post 40 0.276*** [0.143, 0.408]
Within, Pre-Post 12 0.357** [0.104, 0.609]

Task Paradigm
Cognitive Domain Q(3) = 0.675, p = .879, I2 = 52%

Attention 6 0.308 [−0.028, 0.643]
Inhibitory control 50 0.301*** [0.176, 0.425]
Working memory 5 0.309 [−0.018, 0.635]
Cognitive flexibility 6 0.441** [0.128, 0.754]

Stimulus Probability Q(3) = 1.930, p = .587, I2 = 51%
<50% 16 0.367*** [0.171, 0.562]
=50% 48 0.293*** [0.170, 0.417]
>50 – <100% 2 0.566 [−0.090, 1.222]
100% 1 −0.059 [−0.799, 0.680]

Exercise Characteristics
Exercise Type Q(4) = 9.699, p = .046, I2 = 47%

Aerobic 51 0.325*** [0.220, 0.430]
HIIT 5 0.021 [−0.203 0.247]
Resistance 4 0.471** [0.132, 0.811]
Coordination 2 0.086 [−0.501, 0.673]
Combined 5 0.467** [0.150, 0.783]

Exercise Intensity Q(2) = 15.930, p < .001, I2 = 43%
Low 9 0.206 [−0.025, 0.437]
Moderate 37 0.449*** [0.331, 0.566]
High 21 0.131 [−0.010, 0.272]

Exercise Duration Q(2) = 8.007, p = .018, I2 = 45%
≤10 min 2 0.024 [−0.289, 0.337]
11–20 min 46 0.249*** [0.134, 0.364]
21–30 min 19 0.511*** [0.323, 0.698]

Exercise Volume Q(2) = 1.617, p = .446, I2 = 51%
≤100 MET 17 0.322*** [0.146, 0.498]
100–200 MET 45 0.293*** [0.176, 0.409]
≥ 201 MET 5 0.507** [0.184, 0.829]

Timing Before P3 Assessment Q(3) = 1.063, p = .786, I2 = 53%
Not reported 8 0.455** [0.162, 0.747]
≤15 min 35 0.285*** [0.130, 0.439]
15–30 min 21 0.318** [0.145, 0.492]
≥31 min 3 0.276 [−0.122, 0.673]

Control Activity Q(3) = 0.340, p = .952, I2 = 55%
Baseline 13 0.300* [0.021, 0.579]
Disengagement 14 0.371** [0.138 0.604]
Cognitive engagement 39 0.313*** [0.173, 0.453]
Active control 1 0.203 [−0.448, 0.854]

Individual Diderences
Sex Q(2) = 1.599, p = .450, I2 = 53%

Male only 27 0.284** [0.100, 0.468]
Female only 2 0.634* [0.122, 1.146]
Both 38 0.314*** [0.185, 0.443]

Age Q(2) = 7.877, p = .019, I2 = 52%
≤18 13 0.174 [−0.060, 0.408]
19–35 47 0.311*** [0.193, 0.428]
>60 7 0.712*** [0.403, 1.020]

Cognitive Ability Q(1) = 0.131, p = .718, I2 = 51%
Healthy 59 0.322*** [0.215, 0.429]
Impaired 8 0.270 [−0.003 0.542]

Aerobic Fitness Q(3) = 1.842, p = .606, I2 = 53%
Not reported 26 0.404*** [0.222, 0.586]

(Continued ) 
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Table 3. Continued.
Z/Q(df), p, I2 #ES ES and CI

Low 9 0.186 [−0.096, 0.467]
Medium 16 0.282** [0.091, 0.473]
High 16 0.318** [0.097, 0.538]

Note: Between, Pre-Post, Rand.: Between-subjects pretest posttest comparison – Random assignment; Between, Pre-Post, 
non-Rand.: Between-subjects pretest posttest comparison – Non-random assignment; Between, Post, Rand.: Between- 
subjects posttest comparison – Random assignment; MET: Metabolic equivalent; Within, Post: Within-subjects crossover 
posttest comparison; Within, Pre-Post: Within-subjects crossover pretest posttest comparison; *p < .05; **p < .01; ***p  
< .001.

Table 4. Summary of overall and moderator analyses on P3 latency.
Z/Q(df), p, I2 #ES ES and CI

Overall Edect Z = 2.707*, p = .006, I2 = 44% 47 0.146** [0.040, 0.252]
Experimental Design Q(3) = 7.242, p = .065, I2 = 37%

Between, Pre-Post, Rand. 7 −0.131 [−0.406, 0.144]
Between, Post, Rand. 2 0.140 [−0.547, 0.827]
Within, Post 29 0.235*** [0.116, 0.355]
Within, Pre-Post 9 0.016 [−0.216, 0.248]

Task Paradigm
Cognitive Domain Q(3) = 0.453, p = .929, I2 = 48%
Attention 3 0.178 [−0.250, 0.607]
Inhibitory control 38 0.124 [−0.005, 0.253]
Working memory 4 0.217 [−0.126, 0.559]
Cognitive flexibility 2 0.228 [−0.177, 0.634]

Stimulus Probability Q(2) = 0.671, p = .715, I2 = 46%
<50% 10 0.153 [−0.063, 0.370]
=50% 35 0.154* [0.026, 0.283]
>50–<100% 2 −0.102 [−0.332, 0.740]

Exercise Characteristics
Exercise Type Q(4) = 8.163, p = .086, I2 = 40%

Aerobic 37 0.136* [0.028, 0.244]
HIIT 3 0.445*** [0.194, 0.697]
Resistance 1 0.308 [−0.396, 1.011]
Coordination 2 0.229 [−0.335, 0.793]
Combined 4 −0.062 [−0.369, 0.246]

Exercise Intensity Q(2) = 2.375, p = .305, I2 = 48%
Low 10 0.228 [−0.007, 0.462]
Moderate 27 0.088 [−0.047, 0.222]
High 10 0.215* [0.035, 0.396]

Exercise Duration Q(2) = 6.110, p = .047, I2 = 40%
≤10 min 2 0.395* [0.093, 0.696]
11–20 min 35 0.089 [−0.028, 0.205]
21–30 min 10 0.293* [0.068, 0.518]

Exercise Volume Q(2) = 0.521, p = .771, I2 = 45%
≤100 MET 16 0.144 [−0.027, 0.316]
100–200 MET 29 0.134* [0.004, 0.264]
≥201 MET 2 0.322 [−0.174, 0.818]

Timing Before P3 Assessment Q(3) = 0.877, p = .831, I2 = 46%
Not reported 6 0.039 [−0.243, 0.322]
≤15 min 25 0.145 [−0.019, 0.310]
15–30 min 14 0.176 [−0.005, 0.357]
≥31 min 2 0.261 [−0.201, 0.724]

Control Activity Q(3) = 1.968, p = .579, I2 = 45%
Baseline 13 0.229 [−0.008, 0.466]
Disengagement 11 0.179 [−0.034, 0.391]
Cognitive engagement 22 0.118 [−0.037, 0.272]
Active control 1 −0.178 [−0.739, 0.384]

Individual Diderences

(Continued ) 
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Table 4. Continued.
Z/Q(df), p, I2 #ES ES and CI

Sex Q(2) = 4.679, p = .096, I2 = 39%
Male only 11 0.412** [0.149, 0.675]
Female only 2 0.162 [−0.258, 0.581]
Both 34 0.097 [−0.017, 0.223]

Age Q(2) = 1.027, p = .598, I2 = 45%
≤18 12 0.052 [−0.176, 0.280]
19–35 29 0.164* [0.037, 0.292]
>60 6 0.240 [−0.089, 0.569]

Cognitive Ability Q(1) = 0.012, p = .911, I2 = 45%
Healthy 39 0.148* [0.034, 0.263]
Impaired 8 0.133 [−0.121, 0.387]

Aerobic Fitness Q(3) = 4.298, p = .231, I2 = 41%
Not reported 21 0.055 [−0.111, 0.221]
Low 4 0.373* [0.005, 0.741]
Medium 12 0.115 [−0.063, 0.293]
High 10 0.299* [0.059, 0.539]

Note: Between, Pre-Post, Rand.: Between-subjects pretest posttest comparison – Random assignment; Between, Post, 
Rand.: Between-subjects posttest comparison – Random assignment; MET: Metabolic equivalent; Within, Post: 
Within-subjects crossover posttest comparison; Within, Pre-Post: Within-subjects crossover pretest posttest compari-
son; *p < .05; **p < .01; ***p < .001.

Figure 2. Forest plot of amplitude ebect sizes for all included studies. The sizes of the squares rep-
resent relative sample size. The diamond at the bottom represents the overall ebect.
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Moderator Analysis. The efect of exercise on P3 amplitude was not moderated by 
experimental design and task paradigm, and individual diference factors, except for 
age such that samples of individuals older than 60 years showed a larger efect than 
samples of individuals at or below 18 years (Mdif = 0.537, p = .006) and between 19 and 
35 years (Mdif = 0.401, p = .013). No study-level efect size for the 36–60 years subgroup 
was available. Analysis on exercise type showed a significant moderation efect, with 
HIIT having a smaller efect than aerobic (Mdif = 0.303, p = .007), resistance (Mdif =  
0.449, p = .028), and combined exercise (Mdif = 0.445, p = .022). Exercise intensity was a 
significant moderator, with moderate-intensity exercise showing a significantly larger 
positive efect than high-intensity exercise (Mdif = 0.317, p < .001) and a marginally 
larger positive efect than low-intensity (Mdif = 0.243, p = .059). Exercise duration was a 
significant moderator, with exercise lasting 21–30 min showing a significantly larger posi-
tive efect than exercise lasting 11–20 min (Mdif = 0.262, p = .020) and ≤ 10 min (Mdif =  
0.487, p = .009). Exercise volume, timing before P3 assessment, and control activity did 
not moderate efect sizes.

Analysis on risk of bias criteria that were not met by all studies showed no moderation 
efect for random allocation, Q(1) = 0.257, p = .612, concealed allocation, Q(1) = 2.143, p  
= .143, baseline comparability, Q(1) = 0.975, p = .324, and between-group analysis, Q(1)  
= 0.040, p = .842, except for P3 assessment description, Q(1) = 6.093, p = .013, with 
studies without describing their assessment of P3 amplitude appropriately showing a 
larger efect size than studies that met (Mdif = 0.240). All studies met the outcome 
point estimates and exercise description criteria.

Figure 3. Funnel plot of amplitude ebect sizes for studies in the meta-analysis. Each dot represents an 
individual ebect size and is plotted as a function of standard error. The black dots represent ebect sizes 
obtained from included studies. The white dots represent imputed ebect sizes after adjusting for pub-
lication bias using the trim-and-fill method. The vertical line represents the random-ebect models 
estimate.
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P3 latency

Overall ECect. The meta-analytic estimate of this efect was small (g = 0.146) (Figure 4), 
with low-to-moderate heterogeneity (I2 = 44%). Both the visual inspection of the funnel 
plot (Figure 5) and the result of the Egger’s test (Z = 0.842, p = .400) did not provide evi-
dence for publication bias.

Moderator Analysis. Efect sizes were not moderated by experimental design, task para-
digm, and individual diference factors. Exercise duration was a significant moderator, with 
exercise lasting ≤ 10 min showing a positive efect that was larger than that of exercise 
lasting 11–20 min (Mdif = 0.306, p = .044). No moderation efects were found for exercise 
type, exercise intensity, exercise volume, timing before P3 assessment, and control activity.

Analysis on risk of bias criteria that were not met by all studies showed no mod-
eration efect for baseline comparability, Q(1) < 0.001, p = .986, blinded assessors, Q(1)  
< 0.001, p = .988, and P3 assessment description, Q(1) = 0.074, p = .786, except for con-
cealed allocation, Q(1) = 4.108, p = .043, with the summary efect for studies judged to 
be at higher risk of bias arising from inappropriate allocation being larger than studies 
judged to be at lower risk (Mdif = 0.298). All studies met the random allocation, 
between-group analysis, outcome point estimates, and exercise description criteria.

Figure 4. Forest plot of latency ebect sizes for included studies reporting P3 latency. The sizes of the 
squares represent relative sample size. The diamond at the bottom represents the overall ebect.
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Discussion

Novel to the existing exercise psychology literature, this study meta-analytically deter-
mined the acute exercise efects on P3. Specifically, amplitude and latency of P3 were 
investigated to index the amounts of attentional resources available for stimulus evalu-
ation and the speed of stimulus processing, respectively. Although these P3 indices 
have been increasingly used to determine the temporal cognition-enhancing efect of 
exercise, the existing literature is characterized by methodological variations and mixed 
findings. Thus, experimental design, task paradigm, exercise characteristic, and individual 
diference were examined as moderators in the current meta-analysis. Study quality 
measures were examined and indicated a low risk of bias, except for two criteria 
related to P3 assessment, likely due to the lack of standardized ERP methodology in 
this emerging field until recent guidelines became available (Clayson et al., 2019; 
Clayson & Miller, 2017; Keil et al., 2014).

Overall ekects

Our meta-analyses revealed a small positive efect on P3 amplitude (increased amplitude) 
and P3 latency (decreased latency) following an acute bout of exercise. These findings 
were consistent with recent reviews, suggesting a positive afterefect of exercise on P3 
(Kao et al., 2020), particularly the amplitude measure of P3 (Meijer et al., 2020). Such 
efects were thought to reffect exercise-induced cognitive gains because they correspond 

Figure 5. Funnel plot of latency ebect sizes for studies in the meta-analysis. Each dot represents an 
individual ebect size and is plotted as a function of standard error. The vertical line represents the 
random-ebect models estimate.
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with enhanced cognitive performance following exercise (Kao et al., 2020) and have been 
theorized to reffect increased allocation of attentional resources to and enhanced speed 
for evaluating behaviorally-relevant stimulus (Polich, 2007). Further, the modulation of P3 
is theorized as a neuroelectric manifestation of altered arousal levels resulting from LC-NE 
activation (Nieuwenhuis et al., 2005). The increased amplitude and decreased latency of 
P3 following exercise may indicate that exercise, as a stressor, activates the LC-NE 
system in facilitating neural inhibition needed to perform cognitive tasks.

Experimental design

Experimental design was not a significant moderator on efect sizes of P3 amplitude and 
latency in response to acute exercise, suggesting the adequacy of subsequent examin-
ation and interpretation of efect sizes collapsed across experimental designs. Examin-
ation on each subgroup indicated positive amplitude efects using randomized 
between-subject and within-subject crossover comparison designs as well as positive 
latency efects using the within-subject crossover comparison design including only 
posttest, suggesting the reliability of these designs for capturing exercise-induced 
changes in P3 (Pontifex et al., 2019). Alternatively, such selective efects may simply 
result from the popularity of these designs as they account for more than 75% of the 
total efect sizes.

Task paradigm

Although P3 modulates as the function of task characteristics (Polich, 2007; Verleger,  
2020), exercise-induced changes in P3 measures were not moderated by the predominant 
cognitive domain involved during the P3-eliciting tasks nor the probability of the P3-elict-
ing stimulus. These suggest that changes in P3 following exercise reffect a general 
enhancement of neural inhibition underlying attentional and executive function pro-
cesses regardless of the stimulus probability. However, these results should be interpreted 
with caution because most efect sizes came from inhibitory control tasks and P3-eliciting 
stimulus presented at and below 50%. Additionally, positive efect sizes for amplitude 
were significant only for inhibitory control and cognitive ffexibility tasks as well as stimu-
lus probability at and below 50%, potentially because these tasks and probability manip-
ulations required greater capacity to resist distracting/confficting and less predictable 
stimuli, allowing more reliable benefits from enhanced post-exercise neural inhibition. 
Further, the current meta-analysis only extracted data from the most dominating task 
condition within each cognitive domain, hence could not determine the role of the 
within-domain cognitive demand to the exercise-induced efects on P3.

Exercise characteristics

Exercise Type. The type of exercise was a significant moderator for the acute exercise 
efects on the amplitude but not latency measure of P3. Aerobic, resistance, and com-
bined exercises have positive amplitude efects, suggesting their particular benefits to 
neural inhibition in support of efective allocation of attentional resources to task-relevant 
stimulus (Polich, 2007). However, the amplitude efects were less than small and not 
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reliably diferent from zero for coordination exercise and HIIT, with HIIT further showing a 
significantly smaller efect than aerobic, resistance, and combined exercise.

For coordination exercise, there were only two efect sizes obtained from children with 
and without attention-deficit hyperactivity disorder (ADHD), respectively. In the context 
of acute exercise without long-term adaptation, the complex movement involved in 
coordination exercise may exceed the limited availability of cognitive resources, and 
this cognitive overload may prevent cognitive enhancement following the exercise cessa-
tion, especially in children with ADHD (Ludyga et al., 2017). The variability in the 
implementation of coordination exercise may also undermine its efectiveness for cogni-
tive enhancement because individual diference in coordinative skills and the actual dose 
of exercise received (i.e. some individuals performed prescribed moves with more mis-
takes and therefore spent less time completing the prescribed moves) (Ludyga et al.,  
2017).

HIIT is characterized by exercise bouts at high intensities, interspersed by lower-inten-
sity activity (Laursen & Jenkins, 2002). The alternation of low- and high-intensity bouts has 
been related to diferential cardiovascular and cerebral hemodynamic responses com-
pared with continuous aerobic exercise (Lyall et al., 2019; Ogoh et al., 2021; Tallon 
et al., 2019; Weaver et al., 2020). Specifically, HIIT resulted in pronounced parasympathetic 
withdrawal and sympathetic involvement, leading to a slower return of parasympathetic 
activity, as evidenced by lower high-frequency heart rate variability (HF-HRV), during the 
recovery period following exercise (Mourot et al., 2004). This reduced level of HF-HRV may 
reffect overly activated LC (Napadow et al., 2008), which is related to decreased P3 ampli-
tude (Murphy et al., 2011).

Although exercise type did not moderate latency efects, positive efects were found 
selectively for aerobic exercise and HIIT. Consistent with previous studies (Kao et al.,  
2017; Kao et al., 2018), HIIT showed a numerically larger efect on decreasing latency 
than aerobic exercise, suggesting that HIIT might have a greater efect on increasing 
arousal and a facilitating efect on information processing speed. However, it should be 
noted that HIIT protocols employed in all of the included studies were prescribed at 
high intensities (Kao et al., 2018; Kao et al., 2017; Ligeza et al., 2018; Tsai et al., 2021; 
Xie et al., 2020), hence the largest latency efect observed for HIIT was confounded 
with exercise intensity.

Exercise intensity. As a more direct manipulation of arousal, exercise intensity mod-
erated exercise-induced changes in P3 amplitude. Moderate-intensity exercise showed a 
positive amplitude efect that was marginally larger than low-intensity exercise as well as 
significantly larger than high-intensity exercise. Further, both low- and high-intensity 
exercise did not result in significant changes, confirming the previously found inverted- 
U and/or inverted-J shaped relationship between exercise intensity and P3 amplitude 
(Kamijo et al., 2004; Kao et al., 2017; Kao et al., 2018) as well as between P3 amplitude 
and LC-mediated arousal (Murphy et al., 2011). This suggests the particular efectiveness 
of moderate-intensity exercise for enhancing neural inhibition to task-irrelevant proces-
sing while making attentional resources available for task-relevant processing. Although 
this moderation efect of exercise intensity was not observed for P3 latency, only high- 
intensity exercise showed a significant positive efect, suggesting a necessity of exercise 
performed at higher intensities to induce reliable enhancements in information proces-
sing speed.
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Exercise Duration. Consistent with the positive association between longer exercise 
and higher arousal level (Brisswalter et al., 2002), efect sizes of amplitude were moder-
ated by the duration of exercise, with exercise lasting 21–30 min showing a larger efect 
than exercise lasting 11–20 min and ≤10 min. Further, examination on subgroup efects 
showed a non-significant and less than small positive efect for exercise lasting ≤10 min, 
a small positive efect for exercise lasting 11–20 min, and a moderate positive efect for 
exercise lasting 21–30 min, suggesting a minimum of 11-min exercise to reliably induce 
neuroelectric alteration responsible for attention allocation, in a linear dose–response 
fashion. For P3 latency, efect sizes were also moderated by exercise duration, with exer-
cise lasting ≤10 min showing larger positive efects than 11–20 min exercise. However, 
this moderation efect was likely confounded with exercise intensity because high-inten-
sity exercise was usually prescribed with shorter durations. Indeed, the efect sizes for 
exercise ≤ 10 min were obtained from studies prescribing high-intensity exercise (Jain 
et al., 2014; Kao et al., 2017). Taken together, although exercise duration appears to be 
an important moderator for exercise-induced efects on amplitude and latency, limited 
efect sizes (k = 2 for both amplitude and latency) for exercise lasting ≤10 min were 
obtained, warranting future research on modulation of P3 following a short exercise 
bout.

Exercise Volume. Despite the moderation efects of each exercise characteristic, the 
total exercise volume estimated by both the intensity and duration of exercise did not 
moderate the acute exercise efects on P3 amplitude and latency. Interestingly, although 
the amplitude efect was significant for all total exercise volume subgroups, exercise 
volume ≥201 MET showed a numerically larger efect compared with ≤100 and 100– 
200 MET volumes. This seemly dose-dependent pattern was also found in the latency 
efect for exercise volume ≥201 MET, despite the latency efect was only significant for 
exercise with 100–200 MET volume. Given the limited efect sizes for exercise volume 
≥201 MET (k = 5 for amplitude, k = 2 for latency) and the preliminary attempt to estimate 
total exercise volume across studies using diferent type of exercise, more research exam-
ining the acute efect of large-volume exercise on P3 is needed.

Other Exercise Characteristics. The timing before P3 assessment and control activity 
were examined as moderators because they not only determined the calculation of efect 
sizes but also inffuenced arousal levels during the P3 assessment and contrasted with 
exercise interventions. These moderators did not moderate the efect sizes for amplitude 
and latency, suggesting the general efects of exercise on attentional allocation and 
neural processing speed regardless of post-exercise arousal levels and control activities 
contrasted with exercise. It is worth noting that amplitude efect sizes within these mod-
erators showed significant positive efects for all subgroups except for exercise ended 
≥31 min before P3 assessment and active control. This pattern of results corroborates 
the arousal account for the acute exercise efects on P3 amplitude. That is, acute exercise 
efects on P3 amplitude may became negligible when the exercise-induced elevation in 
arousal levels at the P3 assessment and contrasted with the control activity are minimized. 
Alternatively, this may suggest the persistence of exercise-induced increase in P3 ampli-
tude for up to 30-min during the recovery period following exercise cessation. However, 
these selective null efects were derived from limited efect sizes (k = 2 for exercise ended 
≥31 min before P3 assessment, k = 1 for using active control) and require more research 
to confirm.
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Individual dikerence

Although the efect size of P3 latency did not difer between age groups, age was ident-
ified as a moderator for the acute exercise efect on P3 amplitude, with studies of samples 
of adults older than 60 years showing a greater increase in P3 amplitude following exer-
cise compared to those conducted in younger age groups. Given that older adults exhibit 
smaller P3 amplitude (van Dinteren et al., 2014) and the importance of LC for maintaining 
cognitive function in aging brain (Mather & Harley, 2016), the moderate-to-large efect 
size for P3 amplitude observed in the oldest subgroup suggest the ability of acute exer-
cise to temporarily mitigate the age-related decline in LC-mediated neuroinhibition func-
tion. While P3 amplitude and latency develop to their peaks during early adulthood (van 
Dinteren et al., 2014), the 19–35 years subgroup that was less likely to have age-related 
deficit in LC still showed small positive efects for both amplitude and latency measures 
with rather narrow confidence intervals, suggesting that exercise has temporal benefits to 
neuroinhibition even when it is most developed. Such acute exercise efects were the 
smallest and did not reach significance in children and adolescents aged at and below 
18 years old during development likely because this age group typically exhibits no 
signs of LC pathology (Mather & Harley, 2016). It should be noted that no studies exam-
ining adults aged between 36–60 years old, indicating the need to investigate the acute 
exercise efects on P3 during middle-age adulthood.

Although P3 can distinguish individual diferences in cognitive ability (Ludyga et al.,  
2017; Pontifex et al., 2013), sex (Hirayasu et al., 2000), and aerobic fitness (Kao et al.,  
2020; Raine et al., 2018), the acute efects of exercise on amplitude and latency measures 
were not moderated by these individual diference factors, suggesting the efectiveness 
of exercise for temporally enhancing neuroinhibition in facilitating attention allocation 
and processing speed in these diferent populations. Despite this, some subgroup 
efects related to these individual diference factors are worth noting. First, although posi-
tive efects on amplitude and latency were observed without a sex-related moderation 
efect, efect sizes for latency only reached significance in studies including only male par-
ticipants. Given that males show greater changes in P3 latency during maturation (Hir-
ayasu et al., 2000), the neural mechanisms underlying P3 latency may have greater 
modifiability in males and therefore is more amenable to acute exercise.

Second, the general efects regardless of cognitive ability were inconsistent with the 
common speculation that cognitively impaired individuals would show greater acute 
benefits of exercise to P3 measures because these populations exhibit smaller P3 ampli-
tude and longer P3 latency (Ludyga et al., 2017; Pontifex et al., 2013; van Dinteren et al.,  
2014) and the importance of LC for maintaining cognitive function in impaired brain (Bast 
et al., 2018; Mather & Harley, 2016). The subgroup efects further contradicted with this 
speculation as the significant amplitude and latency efects were only observed in cogni-
tively healthy individuals, despite P3 amplitude and latency follow a superior develop-
mental trajectory in cognitively healthy individuals (Ludyga et al., 2017; Pontifex et al.,  
2013). These findings suggest that an acute physical stressor may be a less reliable 
approach to alter P3 measures in cognitively impaired individuals, specifically those 
experiencing ADHD (Hung et al., 2016; Ludyga et al., 2017; Pontifex et al., 2013) and 
mild cognitive impairment (Tsai et al., 2018), potentially because of the greater variability 
in brain responses for these subgroups or simply their impaired ability to perform the P3- 
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eliciting tasks. Alternatively, the lack of reliable changes in P3 measures in these groups 
may result from the lack of exercise prescriptions designed for cognitive enhancement 
in these populations.

Third, efect sizes for amplitude were not significant only in low-fit individuals, implying 
that reliable acute exercise efects on P3 amplitude may require certain levels of aerobic 
fitness potentially due to its role in cerebrovascular regulation (Guiney et al., 2015), brain 
activation (Wong et al., 2015), and brain network connectivity (Talukdar et al., 2018) that 
enable superior neurocognitive function in response to acute physical stressor. This 
speculation was not supported by the selective latency efect in both high-fit and low- 
fit individuals, likely due to the less consistent relationship between aerobic fitness and 
P3 latency (Kao et al., 2020). However, it should be noted that about 40% of efect 
sizes for P3 measures were obtained from studies without reporting aerobic fitness 
because of diferent methods used to determine exercise intensity. Future research 
including aerobic fitness measures is encouraged to better understand the role of 
fitness in acute exercise efects on P3.

Potential mechanisms for acute exercise ekects on P3

Although several candidate mechanisms of the acute exercise efects on cognitive per-
formance have been proposed (McMorris, 2021; McMorris et al., 2016; Pontifex et al.,  
2019), arousal and its underlying neurophysiological mechanisms are most suitable for 
explaining the acute exercise efects on P3 activation, particularly its amplitude 
measure (Nieuwenhuis et al., 2005). Deriving from the inverted-U shaped relationship 
between arousal and performance (Yerkes & Dodson, 1908), exercise is thought to 
serve as a physical stressor to increase arousal to a level that is optimal for performance, 
especially when comparing with a non-exercise sedentary control activity requiring 
minimum physical exertion and thus resulting in a sub-optimal arousal level for perform-
ance. Converging evidence from animal and human studies has further identified LC-NE 
system as the potential neurophysiological mechanism underlying the exercise-related 
changes in peripheral and central arousal (McMorris, 2021; McMorris et al., 2016). Given 
the essential role of LC-NE system to cerebral arousal that supports attention and execu-
tive function (Nieuwenhuis et al., 2005), it has been speculated that exercise stimulates 
the activation of LC and NE synthesis (McMorris et al., 2016), in turn the release of NE 
to exert modulatory efect on projected brain areas such as frontal and temporal brain 
regions (Nieuwenhuis et al., 2005), and finally the neurophysiological manifestation 
such as P3 activation associated with these regions (Polich, 2007).

Empirically testing these arousal-mechanisms in human is challenging because it 
requires invasive methods concurrently with collection of neurophysiological signals 
after exercise. To date, only one study investigated the acute exercise efects on P3 
while concurrently monitoring pupillometry as an indirect measure of LC activation. 
The results did not show exercise-induced changes in tonic and phasic LC action nor 
their associations with increased P3 amplitude following exercise (McGowan et al.,  
2019). However, another study combining pupillometry and functional magnetic reson-
ance imaging (fMRI) found that a short bout of interval handgrip exercise decreased 
tonic LC activation but increased phasic LC activation in response to a salient (i.e. less 
probable) target stimulus during an oddball task (Mather et al., 2020). The oddball 
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paradigm is a classic paradigm that robustly elicits larger P3 amplitude in response to a 
behaviorally relevant target stimuli (Polich, 2007) and this target-elicited P3 amplitude 
was shown to be altered by a single bout of exercise (Pontifex et al., 2015). The similarity 
in the patterns of moderation in P3 and LC activation in response to the manipulation of 
stimulus probability as well as the acute exercise intervention suggest a potential associ-
ation of LC-NE system with P3 in response to acute physical stressor. Given the discrepant 
findings derived from very limited research, there is a clear need to investigate the 
mechanistic role of LC-NE system in the acute exercise efect on P3, which may further 
help elucidate the neural mechanisms of exercise-induced changes in behavioral cogni-
tive performance.

Manipulating exercise characteristics to target the LC-NE mechanism

Although the mechanistic role of LC-NE system in the acute exercise efects on P3 requires 
more research to establish, the LC-NE system is well-suitable for explaining the moder-
ation efects of exercise characteristics on the amplitude measure of P3. Given that 
non-exercise studies have demonstrated an inverted-U relationship between P3 ampli-
tude and tonic LC activation (LoTemplio et al., 2021; Murphy et al., 2011), the exercise- 
induced increases in P3 amplitude likely reffects a superior tonic brain functioning state 
characterized by optimal activation levels of the arousal system (Nieuwenhuis et al.,  
2005). This speculation corresponds with the inverted-U/inverted-J relationship 
between P3 amplitude and exercise intensity observed in the current meta-analysis. 
These findings suggest that exercise can be a vehicle with variations, if prescribed prop-
erly, to induce an adequate level of stress response and achieve the optimal activation 
level of the arousal system, leading to a superior brain functioning state that prepares 
efective neural inhibition in facilitating allocation of attentional resources to implement 
cognitive processes.

The moderation efect of exercise duration did not show an inverted-U shaped 
relationship between exercise duration and P3 amplitude, as longer exercise showed 
the largest amplitude efect. Similarly, larger volume exercise showed a moderate ampli-
tude efect that was numerically larger than smaller exercise volumes, despite the lack of 
moderation efect of total exercise volume on P3 amplitude. Unlike exercise intensity that 
was defined using a relative manner standardized to individual maximum capacity (i.e. 
HRmax or 1RM), exercise duration and volume were defined by the absolute values 
based on the prevalent use in the existing literature. It is possible that the inverted-U 
relationship between duration/volume and P3 amplitude might show if long-duration 
or large-volume exercise (i.e. >60 min) were included in the moderation analysis. 
However, the duration and volume of exercise prescribed in the existing literature were 
likely intended to avoid prolonged exercise with large volumes for feasibility (i.e. 
discult for participants to complete the already long cognitive and EEG testing and a 
long exercise) and practicality reasons (i.e. impractical to use a 60-min exercise bout in 
schools to improve students’ attention).

Examining the association of post-exercise arousal level with P3 amplitude may 
provide an alternative approach to manipulate the exercise-induced changes in P3 ampli-
tude through targeting the LC-NE system. Given that exercise-induced increases in 
arousal, so does its underlying LC-NE activation, subsides gradually over time during 
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the recovery period following exercise cessation, it is speculated that the LC-NE mediated 
P3 amplitude would change as the function of the time delay between exercise cessation 
and P3 assessment. Although our meta-analysis did not support this speculation, as the 
exercise timing before P3 assessment was not a significant moderator, the amplitude 
efects were significant only when exercise was completed within 30-min before the P3 
assessment. In contrast, the amplitude efect assessed after more than a 30-min delay fol-
lowing exercise became non-significant likely because the exercise-induced increases in 
arousal and its underlying LC-NE activation had begun to normalize. However, it should 
be noted that 8 of the efect sizes were obtained from studies without reporting the 
timing of P3 assessment in relative to exercise cessation. Systematically manipulating 
exercise timing before P3 assessment and exercise characteristics such as intensity, dur-
ation, and volume that modulate arousal and its underlying LC-NE system is needed to 
not only identify the best exercise prescription for transiently altering P3 amplitude but 
also indirectly test LC-NE system as the mechanism of acute exercise efects on P3 
amplitude.

Although the current meta-analysis also showed a positive (i.e. decreased latency) P3 
latency efect following exercise, this efect was quantitatively smaller than that of ampli-
tude and was only moderated by the duration of exercise. The overall patters of subgroup 
efects within each exercise-related moderator also did not indicate a pattern of inverted- 
U relationship between exercise characteristic and P3 latency. This appears consistent 
with the evidence that alteration in P3 latency was not a good neuroelectric manifestation 
of LC-NE activation (Nieuwenhuis et al., 2005) and thus less responsive to acute physical 
stressor induced by exercise (Kao et al., 2020). Alternatively, methodological consider-
ations related to latency quantification (Nieuwenhuis et al., 2005) and exclusion of 
latency from reporting may bias the current findings in latency efects. Before more 
empirical evidence becomes available, the current meta-analysis indicated that P3 
latency may be a less sensitive index to reffect the modulation of LC-NE mediated cerebral 
arousal in response to manipulation of exercise characteristics.

Applications for acute exercise ekects on P3

With the need to better understand the relationship between physical activity and cog-
nitive health (Physical Activity Guidelines Advisory Committee, 2018), P3 has been 
increasingly used to determine the neurocognitive benefits of acute exercise (Kao et al.,  
2020) because of its association with a host of health and developmental outcomes 
(Polich, 2007). This meta-analysis corroborated the potential utility of P3 to evaluate 
acute exercise efects on brain functioning and demonstrated the manipulability of 
such neurocognitive efects through a simple behavioral approach with variation in exer-
cise parameters, informing the potential of exercise as an efective, inexpensive, and 
healthy strategy for temporarily altering brain function that is important for cognitive per-
formance. Given that increased P3 amplitude and/or decreased P3 latency have fre-
quently been observed along with enhanced cognitive performance following acute 
bouts of exercise (Kao et al., 2020), the current findings also provide evidence to guide 
the development toward optimal exercise intervention to maximize exercise-induced 
neurocognitive benefits. For instance, the inverted-U relationship between P3 amplitude 
and exercise intensity suggests that exercise-induced changes in brain function in 
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facilitating attention allocation can be maximized by prescribing exercise at a moderate- 
intensity. Such a brain functioning state can also be achieved by engaging a single bout of 
exercise using aerobic, resistance, and combined forms as well as lasting >20 min. 
Additionally, acute exercise efects on P3 latency can be maximized by prescribing exer-
cise lasting ≤10 min. Although the short-duration exercise is practically attractive for its 
time-esciency for temporally enhancing the speed of information processing, it should 
be noted that the larger latency efect associated with exercise lasting ≤10 min was con-
founded with a higher exercise intensity. Thus, a high intensity may be needed for short 
exercise bout to maximize the latency efect.

To expand the potential application of acute exercise for enhancing brain function, 
there are several future directions to be considered. First, as repeatedly iterated, the 
current literature is lacking investigation into long-duration exercise with large volume, 
limiting the ability to depict the speculated dose–response relationship more accurately 
between acute exercise and P3. Relatedly, although the literature has generally assumed 
that the acute exercise benefits to cognition lasts about 1 hour following exercise cessa-
tion, the persistence of the exercise-induced efects on P3 remains to be empirically 
tested. Future research systematically comparing exercise protocols prescribed with 
diferent durations/volumes and placed at diferent timings in relative to P3 assessments 
is needed to inform the best practice in exercise-based intervention for transiently enhan-
cing subsequent task-related brain functioning.

Second, although our analysis did not reveal any moderation efect related to individ-
ual diference factors, exercise appeared to have less reliable efects on P3 measures in 
developing and cognitively impaired individuals. A recent review has proposed an inter-
ceptive model, which contends that exercise-induced activation of the LC-NE system also 
interacts with psychological factors such as motivation, perceived efort costs and per-
ceived availability of resources that could vary across individuals (McMorris, 2021). 
Future research accommodating for developing and cognitively impaired individuals 
while considering the psychological outcomes is needed to better understand the poten-
tial of exercise-based strategy for not only maximizing brain functioning in typically devel-
oping individuals but also counteracting neurocognitive deficits.

Third, although the current meta-analysis provided evidence that exercise is an 
efective approach for transiently enhancing brain function as manifested by increased 
amplitude and decreased latency of P3, whether the efectiveness of such an exercise- 
based strategy is comparable with other alternative options remains largely unknown. 
To the best of our understanding, no evidence exists directly comparing the acute 
efects of exercise with alternative interventions on P3. Given that arousal and its under-
lying LC-NE system play the potentially mechanistic role in the exercise-induced changes 
in P3, approaches that alter arousal levels may be of particular interest for efectiveness 
comparison. For example, brain stimulation through transcranial direct current stimu-
lation (tDCS) has been shown to transiently afect P3 (Nikolin et al., 2018). Biobehavioral 
approaches such as neurofeedback (Deiber et al., 2021) and mindfulness training (Norris 
et al., 2018; Wolf & Beste, 2020) have also been shown to have acute efects on P3. Empiri-
cally comparing diferent arousal-altering interventions can further elucidate the unique 
contribution of exercise-induced physical exertion resulting from muscle contraction and 
energy expenditure to P3 modulations. This research line will provide evidence to inform 
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the decision-making process of adapting an exercise-based intervention and translating it 
to the real-life settings.

Lastly, research linking exercise-induced changes in P3 with behavioral cognitive per-
formance is needed. Increased P3 amplitude and decreased latency have been repeatedly 
found to correlate with better behavioral cognitive performance (Polich, 2007) as well as a 
host of psychological (Cahill & Polich, 1992), developmental (Polich & Martin, 1992), and 
health outcomes (Petersen et al., 2018). Similar positive associations have been found in 
the context of acute exercise and P3, with studies showing increased P3 amplitude and/or 
decreased P3 latency also showing improved behavioral performance during the P3-eli-
citing tasks (Kao et al., 2020; Kao et al., 2022; McGowan et al., 2019). However, some 
other studies reported no correlation between P3 measures and cognitive performance 
(Tsai et al., 2018) following acute exercise and the literature to date has limited under-
standing of the associations between exercise-induced changes in P3 and task perform-
ance at the individual study and subject levels. Further, task paradigms employed to elicit 
P3 could also afect the relationship of the amplitude and latency measures of P3 with task 
performance (Verleger, 2020). Future research should be encouraged to report these cor-
relations to allow quantitative synthesis on the association between P3 and behavioral 
cognitive performance in response to exercise.

Strengths and limitations

The current meta-analysis provided a quantitative evaluation of the overall exercise- 
induced efects on P3 and potential moderators. A multilevel analysis was employed to 
handle the dependency of efect sizes obtained from studies having multiple efects 
sizes (Cheung, 2019; Gucciardi et al., 2022). Further, a data-driven approach was used 
to extract the largest centro-parietally-centered P3 observed at the midline electrodes 
at an individual study level from each of the included studies to ensure the current 
findings were less likely to be confounded with the frontally-centered P3a component. 
Despite these strengths, limitations inherent to the quality of analyzed studies should 
be considered. First, there was evidence of potential publication bias for the exercise- 
induced efects on P3 amplitude, likely resulting from a few small studies having large 
efects (i.e. Won et al., 2017) and contributing to overestimated pooled efect size. 
Similar to previous meta-analyses on behavioral cognitive outcomes following exercise 
(Chang et al., 2012; Ludyga et al., 2016; Moreau & Chou, 2019), heterogeneity among 
studies was moderate for P3 amplitude. This may also reffect methodological variabilities 
in P3 assessments, as only one study used blinded assessors (Pontifex et al., 2021) and half 
studies reported suscient information about EEG data reduction, which moderated 
amplitude efect sizes, suggesting the need for improvements following technical guide-
lines (Keil et al., 2014). Particularly relevant is the reliability of P3 measures because of the 
popular use of repeated measures needed to evaluate the diference between exercise 
conditions, time points, and/or the condition by time interactions. In addition to reporting 
information about test-retest reliability and signal-to-noise ratio (i.e. the minimum 
accepted trials to construct grand average for extracting P3 amplitude and latency), 
future research should be encouraged to include susciently powered sample sizes to 
account for data loss due to unacceptable outcome reliability (Bailey et al., 2021). 
Although no publication bias for P3 latency efect was identified and the heterogeneity 
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among studies for P3 latency was low-to-moderate, the efect size for P3 latency was 
larger for studies using between-subject design without a concealed allocation. Thus, 
knowledge of future assignment to intervention available to experimenters should be 
minimized in future studies using between-subject designs to adequately evaluate 
acute exercise efects on P3 latency. Second, moderator analyses were performed regard-
less of the number of efect sizes available for each subgroup to best represent the litera-
ture. Consequently, some subgroups had limited efect sizes, resulting in low power, less 
accurate estimates, and the inability to explore interactions between moderators. Relat-
edly, although the moderator analyses were conducted based on the common practice 
in categorizing exercise characteristics, these characteristics were oftentimes confounded 
with each other (e.g. intensity negatively correlates with duration). The current study 
attempted to address this limitation by converting these characteristics to generate an 
estimated measure of total exercise volume. However, future research systematically 
manipulating a single exercise characteristic to isolate its efect on P3 is still needed to 
best understand the inffuence of each exercise characteristic on exercise-induced 
efects on P3. Lastly, the current study focused on the exercise-induced modulations of 
P3 as outcome measures without considering the concurrent behavioral performance 
during the P3-eliciting tasks, limiting the interpretability of exercise-induced changes in 
P3 measures. Systematic research on the relationship between exercise-induced 
changes in P3 and its functional significance to behavioral and clinical outcomes is 
warranted.

Conclusion

The advance in human brain science in the past few decades has stimulated the utilization 
of neuroelectric measures such as ERP to evaluate the consequence of physical activity 
engagement in the field of exercise psychology. The findings in the current study 
showed that an acute bout of exercise afects P3, a marker of functional neural inhibition 
underlying attentional and executive function processes, by increasing its amplitude and 
decreasing its latency, suggesting increased attentional resources allocation and infor-
mation processing speed. Further, the amplitude efect may be enlarged through manip-
ulating the type, intensity, and duration of exercise as well as when targeting older adults, 
whereas the latency efect depends on the duration of exercise. Given the increasing 
interest in the feasibility and maximization of exercise-based strategy for cognitive 
enhancement, the current findings ofered a novel evidence from meta-analytic perspec-
tive that acute exercise can alter neuroelectric activities in support of cognitive functions 
that are essential for goal-directed behavior in many real-life settings.

Notes
1. Although other neuroscience tools such as magnetoencephalography (MEG) can also be used 

to study brain activity that is similar to P3-ERP, MEG requires large facility, is costly, and has 
rarely been used in the field of sport and exercise psychology. This study intended to focus on 
EEG-derived P3-ERP because EEG has become increasingly accessible for research and clinical 
uses in the field of sport and exercise psychology. It is also the authors’ understanding that 
the existing literature on acute exercise and cognition primarily used EEG to measure P3-ERP.
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2. P3 is not the only ERP component reffecting cognitive processes during the stimulus evalu-
ation. For example, P1 and N2 are other earlier components that index perceptual attention 
and conffict monitoring. Variation of P3 component such as P3a that can be elicited by an 
infrequent distractor during the 3-stimulus oddball paradigm also exists. In contrast with 
P3 or P3b, P3a peaks earlier at frontally-centered electrodes and indexes attentional orient-
ing. Despite these diferent ERP components exist, they have been less studied in relation 
to acute exercise and findings from the limited studies are mixed.

3. Percent of maximum heart rate reported or converted based on exercise and maximum 
(measured or estimated) heart rate were the first source to determine intensity. When 
heart rate measures showed disagreement with self-reported measures (e.g., moderate-inten-
sity based on a mean RPE = 12 but high-intensity based on an average of 80% heart rate 
maximum), a higher intensity was always used. When a range of intensity (e.g., 65–75% 
heart rate maximum) was reported, the mean of the range was used to reffect the intensity 
(e.g., 70% heart rate maximum). For resistance exercise, intensity was determined based on 
percent of one-repetition maximum.

4. Aerobic fitness was measured by actual and estimated maximum oxygen consumptions (ml/ 
kg/min), which were in turn converted into percentile scores using a sex- and age-adjusted 
norm (Shvartz & Reibold, 1990).
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