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Abstract
Background  An emerging body of the literature in the past two decades has generally shown that prior cognitive exertion is 
associated with a subsequent decline in physical performance. Two parallel, but overlapping, bodies of literature (i.e., ego 
depletion, mental fatigue) have examined this question. However, research to date has not merged these separate lines of 
inquiry to assess the overall magnitude of this effect.
Objective  The present work reports the results of a comprehensive systematic review and meta-analysis examining carryover 
effects of cognitive exertion on physical performance.
Methods  A systematic search of MEDLINE, PsycINFO, and SPORTDiscus was conducted. Only randomized controlled 
trials involving healthy humans, a central executive task requiring cognitive exertion, an easier cognitive comparison task, 
and a physical performance task were included.
Results  A total of 73 studies provided 91 comparisons with 2581 participants. Random effects meta-analysis showed a 
significant small-to-medium negative effect of prior cognitive exertion on physical performance (g = − 0.38 [95% CI − 0.46, 
− 0.31]). Subgroup analyses showed that cognitive tasks lasting < 30-min (g = − 0.45) and ≥ 30-min (g = − 0.30) have similar 
significant negative effects on subsequent physical performance. Prior cognitive exertion significantly impairs isometric 
resistance (g = − 0.57), motor (g = − 0.57), dynamic resistance (g = − 0.51), and aerobic performance (g = − 0.26), but the 
effects on maximal anaerobic performance are trivial and non-significant (g = 0.10). Studies employing between-subject 
designs showed a medium negative effect (g = − 0.65), whereas within-subject designs had a small negative effect (g = − 0.28).
Conclusion  Findings demonstrate that cognitive exertion has a negative effect on subsequent physical performance that is 
not due to chance and suggest that previous meta-analysis results may have underestimated the overall effect.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4027​9-019-01204​-8) contains 
supplementary material, which is available to authorized users.
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1  Introduction

Over the past two decades, a growing body of literature has 
examined the carryover effects of performing cognitive tasks 
on subsequent physical performance. Several recent efforts 

to synthesize the literature both narratively [1–4] and quan-
titatively [5] have shown negative carryover effects whereby 
performing cognitive tasks leads to subsequent decreases 
in physical performance across a broad range of aerobic, 
resistance (isometric or dynamic) and sport-specific motor 
tasks. However, there are several shortcomings of these 
reviews that limit our current understanding of this relation-
ship. Perhaps the biggest limitation is that existing reviews 
have drawn upon studies extracted from the mental fatigue 
literature and excluded studies from the self-control/ego-
depletion literature, despite substantial methodological simi-
larities between the two. Therefore, to more fully describe 
and interpret the magnitude and direction of this effect as 
well as moderators of the prior cognitive exertion–physical 
performance relationship, a more comprehensive synthesis 
and analysis that unites the mental fatigue and ego-depletion 
literatures is required.

http://orcid.org/0000-0003-4078-8253
http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-019-01204-8&domain=pdf
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Key Points 

Prior cognitive exertion has a significant small-to-
medium-sized negative effect on subsequent physical 
performance that is not due to random error.

Prior cognitive exertion significantly impairs isometric 
resistance, dynamic resistance, motor, and aerobic per-
formance, but not maximal anaerobic performance.

Cognitive manipulation duration does not moderate the 
prior cognitive exertion–physical performance relation-
ship.

that Hagger et al.’s [11] analysis produced a biased estimate 
of the ego-depletion effect and that it is more likely in the 
small effect size range (g = − 0.38; Dang [17]).

Although there continues to be considerable controversy 
about the legitimacy of an ego-depletion effect, it is impor-
tant to recognize that within that larger body of literature 
there are numerous studies that have focused on the effects 
of tasks requiring cognitive self-control exertion on subse-
quent physically demanding tasks and, to date, only one nar-
rative review has attempted to synthesize findings from those 
studies [1]. In his analysis, Englert [1] illustrated consistent 
evidence of ego-depletion effects across multiple sport and 
exercise contexts; however, the overall magnitude of this 
effect remains unknown. Therefore, quantifying the prior 
cognitive exertion–physical performance relationship will 
address a significant gap in the current knowledge and pro-
vide important insight regarding the direction and magnitude 
of ego-depletion effects in the context of physical activity.

Ego depletion refers to depletion of a resource brought on 
by exerting self-control. On the other hand, mental fatigue 
refers to a complex psychophysiological phenomenon that 
results in feelings of tiredness or lack of energy following 
exposure to tasks that require prolonged cognitive exer-
tion [18]. In the past decade, a rapidly growing body of lit-
erature examining the effects of mental fatigue on physical 
performance has emerged. Akin to studies investigating ego 
depletion in sport or exercise contexts, studies from the men-
tal fatigue literature have participants complete tasks that 
require cognitive exertion prior to performing a physically 
demanding task and compare that physical performance to 
one that was completed after a “control” task requiring less 
cognitive exertion.

There have been several recent efforts to synthesize the 
mental fatigue literature both narratively [2] and quan-
titatively [5]. In the most comprehensive review to date, 
McMorris and colleagues [5] conducted a meta-analysis, 
which demonstrated a small negative effect (g = − 0.262) 
of mental fatigue on physical performance. Those authors 
concluded: “…the very small T2 result indicates that there 
was no real significant effect and that differences are due 
more to random error.” (p. 105). However, a major caveat to 
this conclusion is the authors’ use of strict inclusion criteria 
that disqualified all but one study that involved cognitive 
manipulations lasting < 30 min, which led them to consider 
the results of only 8 studies from what is a much more sub-
stantial literature. Further, they only offered information in 
their analyses regarding potential publication bias in the lit-
erature, but not risk of bias within the studies included, and 

1  We acknowledge the seminal thinking and first research on the con-
nection between mental fatigue and physical performance that was 
carried out by Angelo Mosso in 1906. However, given the extent of 
reporting in Mosso’s writings, the data could not be included in the 
analysis.

2  McMorris et al. [5] originally reported an effect size of g = − 0.27 
which has since been corrected.

The first modern1 studies to investigate whether prior 
cognitive exertion influences physical performance were 
conducted by researchers in the area of self-control or ego 
depletion from the perspective of the resource or strength 
model of self-control [6–8]. Self-control is defined as one’s 
ability to override and alter unwanted behavioral, emotional 
and cognitive responses to align with standards or goals [9]. 
The term “ego depletion” refers to a phenomenon in which 
people have an increased susceptibility to self-control fail-
ure due to prior engagement in a task requiring self-control 
[9]. The resource model proposes that all acts of self-con-
trol whether they be cognitive, emotional or behavioral are 
dependent on an undifferentiated resource and when the 
resource is depleted or fatigued by exerting self-control on 
one task, fewer resources are available for subsequent tasks 
and performance on those latter tasks is negatively affected 
[8, 10]. The self-control/ego-depletion literature is com-
posed of hundreds of studies investigating carryover effects 
from one task to another using sequential combinations of 
tasks requiring cognitive, emotional, and behavioral control 
[11].

An early meta-analysis of the self-control literature 
revealed a significant medium-sized negative ego-deple-
tion effect (d = − 0.62; [11]). However, critical concerns 
over whether an ego-depletion effect actually exists were 
brought forward when meta-analysis using alternative tech-
niques [12] and a registered replication project involving 
consecutive cognitive tasks [13] failed to show statistically 
significant effects. Other researchers [14–17] were quick to 
respond to this evidence by pointing out limitations to the 
procedures and techniques used in the studies that showed 
null effects. Results of an updated meta-analysis also suggest 
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did not consider variables that could moderate the overall 
effect.

Building on the findings of McMorris et al. [4], Pageaux 
and Lepers [19] conducted a review of the mental fatigue 
literature that examined carryover effects specific to dif-
ferent types of physical tasks (e.g., aerobic, resistance, 
maximal anaerobic, motor skills). Their findings revealed 
performance impairments for aerobic- and resistance-based 
tasks involving prolonged submaximal effort regulation as 
well as motor skill-based tasks. Conversely, performance of 
brief maximal anaerobic tasks were found to be unaffected 
by mental fatigue. While theirs was the first study to inves-
tigate moderators of the prior cognitive exertion–physical 
performance relationship, Pageaux and Lepers [19] did not 
use statistical techniques to quantify the magnitude of these 
effects. Further analyses to determine the extent to which 
performance in some contexts may be impaired to a greater 
or lesser level than in others may serve to provide exercise 
scientists, practitioners, athletes and exercisers with valuable 
information pertaining to pre-performance behaviors that 
may be important to avoid to optimize performance.

Reviews of each of the mental fatigue and ego-depletion 
literatures have yielded similar findings, yet there has been 
no attempt to integrate the two literatures despite strong 
similarities in study designs and methodologies. Indeed, 
studies from both areas have used the same tasks for the 
cognitive manipulations (e.g., Stroop task; Stroop [20]) and 
physical performance assessments (e.g., aerobic exercise) 
that, apart from being performed for different durations, have 
similar, if not identical, task demands. However, despite uti-
lizing common cognitive tasks involving central executive 
processes such as response inhibition [21], one consistent 
difference between mental fatigue and ego-depletion studies 
is the duration of the cognitive manipulations [4]. That is, 
most mental fatigue studies utilize cognitive manipulations 
lasting ≥ 30 min, whereas ego-depletion studies typically 
use manipulations of shorter duration, with some as brief 
as 3 min and 40 s [22].

In their recent review, Van Cutsem et al. [4] argued the 
minimum task duration necessary to induce mental fatigue 
is 30 min, based on studies showing decrements in vigilance 
[23] and increases in mental fatigue [24] occurring around 
this time point, which was part of their rationale for limiting 
their review to studies with manipulations of that duration 
or longer. They also argued against including studies from 
the ego-depletion literature that used cognitive manipula-
tions lasting < 30 min due to evidence discussed earlier that 
failed to show an ego-depletion effect in a multi-lab replica-
tion study in which the depletion task was reported to be 
more difficult, effortful and frustrating, but not more fatigu-
ing [13]. However, this conclusion is errant for at least two 
reasons. First, it is based on results of a replication effort 
that did not involve a physical performance task. Second, it 

fails to recognize numerous ego-depletion studies that have 
documented significant increases in self-reported mental 
fatigue following brief cognitive manipulations (e.g., Bray 
et al. [25]; Brown and Bray [26, 27]; Graham and Bray [28]; 
Lubusko [29]; Muraven et al. [8]) which has led theorists 
to posit ego depletion is a form of mental fatigue [11, 30].

Previous research also indicates the extent of cogni-
tive exertion or mental fatigue is task dependent as more 
demanding cognitive tasks can result in high levels of fatigue 
in a fraction of the time required by less difficult cogni-
tive tasks. For instance, subjective ratings of mental fatigue 
reported at 2-min intervals during a highly demanding, 
10-min Stroop task [27], were almost identical to subjec-
tive mental fatigue reported at 10-min intervals during a 
moderately demanding, 50-min continuous performance task 
[31]. In light of this evidence, it seems remiss to exclude 
studies from narrative or quantitative reviews simply on the 
basis of theoretical/empirical lineage or an arbitrarily deter-
mined cut-off of 30 min duration. On the contrary, analyzing 
studies that have used a range of durations for the cognitive 
manipulations could lend important insights to help deter-
mine dose–response relationships between prior cognitive 
exertion and physical performance. At the very least, given 
it has served as a base criterion for the three reviews of 
the mental fatigue literature carried out thus far, it seems 
worthwhile to investigate whether cognitive manipulation 
durations above and below the proposed 30 min cut-point 
criterion moderate the prior cognitive exertion–physical per-
formance relationship.

In addition to examining cognitive task duration as a 
potential moderator, there is also an opportunity to gain 
important insights into the prior cognitive exertion–physical 
performance relation by investigating the potential moder-
ating roles of other factors such as study design and pub-
lication status that have not been considered by previous 
reviews. Specifically, previous reviews have only included 
published studies [1–5], which potentially excludes stud-
ies that may not have been published due to null findings. 
Excluding unpublished research may have resulted in an 
overestimation of the direction and magnitude of the true 
effect. Moving forward, quantifying the effect sizes reported 
by published and unpublished studies will provide further 
insight regarding publication bias within this literature. 
Previous reviews in the mental fatigue literature have also 
only included studies employing within-subject designs. 
Although within-subject designs may have some advantages 
over between-group designs, excluding research based on 
design rather than assessing variability that may be attrib-
utable to design limits the knowledge that can be gleaned 
from the available data. Increasing the comprehensiveness 
of the analyses by including between-group studies serves 
to reduce selection bias as well as increase confidence in the 
reliability of observed effects.
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In an attempt to integrate the findings from the mental 
fatigue and self-control/ego-depletion literatures as they 
relate to physical performance, we carried out a compre-
hensive review of research examining the effects of prior 
cognitive exertion on physical performance in healthy indi-
viduals. In addition to utilizing inclusion criteria to capture 
studies with cognitive manipulations lasting < 30 min, the 
differential effects of moderator variables including method-
ological design (i.e., between-groups versus within-subject), 
publication status (i.e., published versus unpublished) and 
the parameters of the physical task (i.e., aerobic, isometric 
resistance, dynamic resistance, maximal anaerobic or motor-
based sport performance tasks) were assessed.

2 � Methods

The current review followed the PRISMA guidelines for pro-
tocols and reporting items in systematic reviews and meta-
analysis [32]. Items are reported using the PRISMA Check-
list (see Electronic Supplementary Material 3: Table S1).

2.1 � Eligibility Criteria

Inclusion criteria for this meta-analysis required: (a) to be 
performed on healthy humans; (b) a high cognitive exertion 
intervention involving (i) a central executive task requiring 
response inhibition, updating or shifting [21, 33], or (ii) a 
cognitive self-control task that required controlling atten-
tion, emotions, thoughts, and impulses, cognitive processing, 
or social processing, which have been argued to be depend-
ent on executive functions [34]; (c) a comparison/control 
task involving (i) an easier/less demanding version of the 
intervention task or (ii) an alternative task that required 
low cognitive exertion demands; (d) an outcome task per-
formed in normal (i.e., not deliberately manipulated by the 
researchers) environmental (e.g., temperature, altitude, 
humidity) conditions that provided an objective measure of 
physical performance in a sport/exercise context (i.e., aero-
bic, dynamic or isometric resistance, maximal anaerobic, 
or motor performance); (e) a randomized controlled trial 
design; (f) statistical information required to calculate effect 
sizes; and (g) to be reported in English. Missing data from 
eligible studies were requested by contacting the authors. 
Eligible studies were included in the qualitative analysis in 
cases where missing data were unable to be obtained.

2.2 � Search Strategy and Study Selection

A systematic review of the literature was conducted in 
Medline, PsycINFO and SPORTDiscus from the earliest 
available date up to March 2018, which was later updated 
in September 2018. Search terms included combinations of 

mental* adj3 exertion or fatigu* or task*, cognitive* adj3 
exertion or demand* or fatigu* or task* or control*, ego 
depletion, self-control, exercise, physical* or athletic* or 
exercise* or muscl* or neuromusc* or resist* or endurance* 
or isometric* or handgrip* or sport* adj3 endurance* or 
performance* or activity or effort or exert* or fatigu* or 
strength or training or task*.

The original search yielded 5106 records which was 
reduced to 4206 records after duplicates were removed. A 
team of six independent reviewers screened the titles and 
abstracts for inclusion criteria (two independent reviewers per 
study), resulting in 109 records for which the full texts were 
obtained. Two independent reviewers then read and assessed 
the full text articles for inclusion. Any disagreements were 
resolved through discussion and consensus. Reference lists of 
the 51 articles selected for inclusion as well as other reviews 
and meta-analyses on the subject were screened for any over-
looked records, resulting in an additional 13 articles. One 
unpublished study was identified through the database search 
(Lubusko [29]) and the research team also contacted authors 
of included articles to request any unpublished reports that 
could potentially be included, which yielded 7 additional 
studies. An updated search using the original search strategy 
was conducted in September 2018 and provided an additional 
8 articles to be included. Overall, a total of 79 articles that 
provided 98 comparisons were selected for inclusion in the 
qualitative review and 73 articles which provided 91 com-
parisons had sufficient statistical information to be included 
in the meta-analysis (see Fig. 1 for PRISMA flow diagram).

2.3 � Data Extraction

Predetermined variables of interest were extracted from 
each included article into a data entry form within Micro-
soft Excel by one of the six independent reviewers. A second 
independent reviewer checked the data for errors. Relevant 
data extracted included: study design; sample characteristics 
(sample type and size); intervention and comparison/control 
task characteristics (task type and duration); and the physical 
performance outcome(s) measured as well as the results for 
each condition/group at each time point. In cases where the 
outcome measure data were only presented graphically, data 
were extracted using WebPlot-Digitizer [35].

A total of 91 effect sizes for physical performance out-
comes were extracted from the 73 articles with sufficient 
statistical information. Physical performance outcomes were 
categorized into 5 groups (i.e., aerobic, dynamic resistance, 
isometric resistance, maximal anaerobic, and motor perfor-
mance) based on the following criteria. Aerobic performance 
outcomes included (i) covering a given distance as quickly 
as possible, (ii) average velocity, average speed, average 
power output, covering as much distance or generating as 
much work as possible in a given time, and (iii) covering as 
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much distance or generating as much work as possible until 
volitional exhaustion. Dynamic resistance performance out-
comes included: (i) completing as many repetitions as pos-
sible or time on task in a given time, and (ii) completing as 
many repetitions until failure/volitional exhaustion. Isomet-
ric resistance performance outcomes included: (i) maintain-
ing a given force production or posture to failure/volitional 
exhaustion. Maximal anaerobic performance outcomes 
included: (i) jump height, (ii) critical power during a brief 
all-out cycling task, (iii) covering a short, given distance as 

quickly as possible (non-pacing task), and (iv) peak torque 
generation during a brief set of maximal contractions. Motor 
performance outcomes included: (i) accuracy/precision, (ii) 
reaction time/speed, and (iii) faults/false starts.

2.4 � Risk of Bias

The Cochrane Risk of Bias Tool (RoB 2.0) was used to 
assess risk of bias in the included studies by two independ-
ent reviewers. For each included comparison, the RoB 2.0 

Fig. 1   PRISMA flowchart. 12 articles with multiple studies or dis-
trict subsamples generated an additional 17 comparisons. Seven com-
parisons from six articles were excluded due to insufficient statistical 

information to compute effect sizes. 79 articles in the qualitative syn-
thesis provided 98 independent comparisons. 73 articles in the quanti-
tative synthesis provided 91 independent comparisons
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tool designed for assessing the ‘effect of assignment to an 
intervention’ was used. Studies with between-subject design 
were assessed using the RoB 2.0 tool for randomized parallel 
group trials and studies using within-subject design were 
assessed using the RoB 2.0 tool for randomized cross-over 
trials. All outcomes of interest within the included studies 
were assessed for risk of bias arising from the randomiza-
tion and allocation process, deviations from the intended 
interventions, missing outcome data, measurement of the 
outcome, and selection of the reported result. Domain-
specific judgements of either low risk of bias, some risk 
of bias concerns, or high risk of bias were generated using 
the signalling questions within each domain (i.e., ‘yes/prob-
ably yes’, ‘no/probably no’, and ‘no information’), which 
were used to judge the overall risk of bias for each study. 
Disagreements between reviewers were resolved through 
discussion and consensus.

2.5 � Data Syntheses

Due to the fact that physical performance measures varied 
across the included studies, Hedges’ g effect sizes and stand-
ard error (SE) were computed to summarize estimates of 
effects. Several studies did not report the standard deviations 
necessary to compute effect sizes; therefore, in these cases, 
other reported summary statistics (e.g., t values, p values) 
were used to approximate the missing values using the for-
mulas described in Higgins and Green [36] and implemented 
in Comprehensive Meta-Analysis (CMA) software [37]. 
For between-subject studies employing pre–post interven-
tion outcome measurements that did not report the standard 
deviation of the mean change or other summary statistics 
necessary to approximate an effect size, a comparison of the 
final outcome measure was used in the analysis if baseline 
measurements did not statistically differ as per recommenda-
tions in the Cochrane handbook for systematic reviews [36].

For studies that did not report pre–post correlation values 
necessary to approximate the effect size, available pre–post 
correlation values were imputed from previous studies that 
examined similar outcomes and used the same study design 
(when possible). Specifically, for between-group studies 
examining isometric resistance performance a computed 
average correlation value of 0.81 from three studies was 
used [26, 28, 38]. A computed average correlation value of 
0.76 from three studies was used for within-subject isometric 
resistance performance [39–41]. A computed average value 
of 0.93 from three studies was used for studies examining 
aerobic performance using within-subject designs [31, 42, 
43]. An average value of 0.51 from three studies was used 
for motor accuracy/precision performance [44–46] and an 
average value of 0.82 from two studies was used for motor 
reaction time/speed performance [45, 46].

If a study included a secondary experimental manipula-
tion (e.g., persistence priming versus neutral priming) in 
a 2 (cognitive manipulation) × 2 (secondary manipulation) 
factorial arrangement, only the data for conditions that did 
not include a secondary manipulation were retrieved (e.g., 
high cognitive exertion + neutral condition compared to 
low cognitive exertion + neutral condition [39]). For stud-
ies comparing healthy populations against clinical popula-
tions, only data for the healthy conditions were included [29, 
47]. If a study measured physical performance at multiple 
time points, only the pre-intervention and post-intervention 
outcomes were retrieved. For the one article that involved 
multiple conditions compared against one comparison con-
trol condition [26], the shared comparison condition was 
divided proportionally between each pairwise comparison 
to avoid a unit-of-analysis error (i.e., double counting) as 
per recommendations in the Cochrane handbook [36]. In 
six studies [48–52], discrete subsamples (e.g., athletes vs. 
untrained samples) were used which necessitated splitting 
each study into multiple comparisons. Similarly, in nine 
articles, more than one study was conducted and each sub-
study was included as an independent comparison [24, 39, 
40, 50, 52–56]. Ten studies provided data for multiple effect 
sizes for one physical performance outcome [44, 57–64] 
and four studies provided effect sizes for different physical 
performance outcomes (i.e., aerobic and motor; maximal 
anaerobic, aerobic and motor) [22, 56, 65, 66]. In such cases, 
the multiple reported effect sizes were combined to create 
a single, composite effect size, as per recommendations by 
Borenstein et al. [67].

2.6 � Meta‑analysis

For the primary analysis, random-effects meta-analysis was 
computed in CMA software [37] to examine the effect of 
prior cognitive exertion on physical performance (all physi-
cal performance outcomes pooled). A forest plot of the 
main analysis was generated (see Electronic Supplementary 
Material 1: Figure S1). Heterogeneity was explored with 
the Cochrane Q (χ2) test and summarized with the I2 statis-
tic. Publication bias was examined using Egger’s [68] test 
and Rosenthal’s [69] fail-safe N. Sensitivity analysis was 
computed in CMA software using one-study removed pro-
cedures. A figure containing the results of the sensitivity 
analyses was generated (Electronic Supplementary Material 
2: Figure S2).

2.7 � Subgroup Analyses

Subgroup analyses were computed in CMA software [37] 
to examine factors hypothesized to moderate the cognitive 
exertion–physical performance relationship based on theory 
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and practical considerations. Effect sizes are presented as 
Hedges’ g (standard error), with 95% confidence intervals (Z 
value, p value). Categorical variables included: publication 
status (published vs. unpublished), study design (within-
subject vs. between-subjects), cognitive task manipulation 
duration (tasks lasting < 30 min vs. tasks lasting ≥ 30 min), 
and physical performance task type (aerobic, dynamic resist-
ance, isometric resistance, maximal anaerobic, and motor 
performance). Differences between categorical variables 
within each subgroup analyses were computed using the 
Cochrane Q (χ2) test.

3 � Results

3.1 � Included Studies

For the quantitative analysis, 73 articles provided a total 
of 91 comparisons with 2581 participants (not adjusted 
for within-subject designs) (see Electronic Supplementary 
Material 1: Figure S1). Publications included were con-
ducted between 1998 and 2018. Study details and outcomes 
are presented in Table 1.

3.2 � Risk of Bias

The overall risk of bias in each included study is presented 
in Electronic Supplementary Material 4: Table S2. No stud-
ies had low risk of bias, whereas 10 studies were judged as 
having some concerns and the remaining 81 studies were 
judged as high risk of bias. Risk of bias arising due to meas-
urement of the outcome was most problematic as it was rated 
as high concern for bias in 81 of the 91 studies; this was 
partly due to inadequate blinding of personnel and outcome 
assessments.

3.3 � Publication Bias

Egger’s [68] test revealed significant publication bias 
(t(89) = 5.91, p < 0.001, two tailed). Rosenthal’s [69] fail-
safe N was significant (Z = − 19.00, p < 0.001) and estimated 
that 8,461 null-effect studies would need to be included to 
result in a non-significant effect.

3.4 � Heterogeneity

Results demonstrated significant heterogeneity for the over-
all effect, as well as each of the subgroup analyses, except 
for the four studies that involved multiple indices of physical 
performance, Q(3) = 3.50, p = 0.32, Τ2 = 0.01, Ι2 = 14.17, and 
the two studies that examined maximal anaerobic perfor-
mance, Q(1) = 0.60, p = 0.44, Τ2 = 0.00, Ι2 = 0.00. Detailed 

results for the heterogeneity analyses are displayed in 
Table 2.

3.5 � Sensitivity Analyses

Sensitivity analyses were performed to examine the between-
comparison heterogeneity by removing one study at a time 
to evaluate the stability of the results. Summary results (see 
Electronic Supplementary Material 2: Figure S2) demon-
strated stable significant effect sizes ranging from g = − 0.35 
(95% CI − 0.42, − 0.29) (when excluding the study by 
Brownsberger et  al. [57]) to g = − 0.40 (95% CI − 0.48, 
− 0.32) (when excluding the study by Zering et al. [70]).

3.6 � Meta‑analyses

3.6.1 � Overall Effect

From the 73 studies, there were 91 independent comparisons 
for physical performance outcomes. Results showed that 81 
of the 91 effect sizes were in the negative direction, of which 
46 demonstrated a significant negative effect (p < 0.05) of 
prior cognitive exertion on physical task performance. Over-
all, findings demonstrated a significant small-to-medium 
negative effect, g = − 0.38 (SE 0.04), 95% CI − 0.46 to 
− 0.31 (Z = 10.44, p < 0.001). Given the large I2 value from 
the heterogeneity analysis, examination of the influence of 
moderating variables on the observed effects was further 
warranted. Detailed results for all moderators are displayed 
in Table 2 and findings are described below.

3.6.2 � Study Design

Significant negative effects were observed for both within-
subjects and between-group study designs. However, studies 
employing between-group designs had significantly larger 
effects than studies employing within-subject designs, 
Q(1) = 13.21, p < 0.001.

3.6.3 � Publication Status

Significant negative effects were observed irrespective of 
publication status; however, results showed significantly 
larger effects in published studies compared to unpublished 
studies, Q(1) = 7.70, p = 0.006.

3.6.4 � Duration of Cognitive Manipulation

Significant negative effects were observed for cogni-
tive manipulations lasting < 30 min as well as those last-
ing ≥ 30 min. The magnitude of the effect sizes did not signif-
icantly differ by manipulation duration, Q(1) = 3.85, p = 0.05.



504	 D. M. Y. Brown et al.

Ta
bl

e 
1  

O
ve

rv
ie

w
 o

f s
tu

dy
 m

an
ip

ul
at

io
ns

 a
nd

 o
ut

co
m

es

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

A
lb

er
ts

 
et

 a
l.,

 2
00

7 
- S

tu
dy

 1
 

[1
00

]

38
 (1

9/
19

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

–
B

et
w

ee
n

D
iffi

cu
lt 

la
by

-
rin

th
s

Ea
sy

 la
by

-
rin

th
s

~ 
10

 m
in

–
Is

om
et

ric
 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 
fa

ilu
re

 (u
nt

il 
co

in
 fe

ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

A
lb

er
ts

 
et

 a
l.,

 2
00

7 
- S

tu
dy

 2
 

[1
00

]

40
 (2

0/
20

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

–
B

et
w

ee
n

A
tte

nt
io

n 
co

nt
ro

l 
ta

sk

A
dd

iti
on

8 
m

in
–

Su
bm

ax
im

al
 

is
om

et
ric

 
la

te
ra

l 
ra

is
e 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n/
fa

ilu
re

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

A
lb

er
ts

 e
t a

l.,
 

20
08

 [1
01

]
40

 (2
0/

20
)

Fi
rs

t y
ea

r u
nd

er
gr

ad
ua

te
 

ps
yc

ho
lo

gy
 st

ud
en

ts
20

.5
 ±

 1
.8

B
et

w
ee

n
St

ar
 c

ou
nt

-
in

g 
ta

sk
N

o 
in

str
uc

-
tio

ns
3 

m
in

N
o 

di
ffe

r-
en

ce
 in

 
su

bj
ec

-
tiv

e 
fa

tig
ue

Su
bm

ax
im

al
 

is
om

et
ric

 
la

te
ra

l 
ra

is
e 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n

–
=

 T
im

e 
to

 
fa

ilu
re

A
lb

er
ts

 e
t a

l.,
 

20
11

 [3
9]

39
 (2

0/
19

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

–
B

et
w

ee
n

D
iffi

cu
lt 

ar
ith

-
m

et
ic

 
pr

ob
le

m
s

So
lv

e 
sa

m
e 

ca
lc

ul
at

io
ns

 
w

ith
ou

t 
au

di
to

ry
 

di
str

ac
tio

n

8 
m

in
↑ 

Pe
rc

ep
-

tio
n 

of
 

di
ffi

cu
lty

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 fa

ilu
re

 
(u

nt
il 

co
in

 
dr

op
pe

d)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

A
ze

ve
do

 
et

 a
l.,

 2
01

6 
[1

02
]

8
M

al
es

, V
0 2

 =
 4

5.
2 

±
 3

.0
 

m
l/k

g 
pe

r m
in

24
 ±

 2
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

PO
M

S 
Fa

tig
ue

 
su

bs
ca

le
 

sc
or

e

C
yc

lin
g 

co
ns

ta
nt

 
w

or
kl

oa
d 

(8
0%

m
ax

) 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n 

(a
er

ob
ic

)

↑
↓ 

Ti
m

e 
to

 
fa

ilu
re



505Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

B
ad

in
 e

t a
l.,

 
20

16
 [4

4]
20

N
at

io
na

l s
oc

ce
r p

la
ye

rs
17

.8
 ±

 1
.0

W
ith

in
St

ro
op

 
ta

sk
D

oc
um

en
ta

ry
30

 m
in

↑ 
M

F-
VA

S 
sc

or
e

15
-m

in
 5

v5
 

sm
al

l-s
id

ed
 

ga
m

es
 

(a
er

ob
ic

 
an

d 
m

ot
or

 
pe

rfo
rm

an
ce

 
m

ea
su

re
s)

↑
M

ot
or

:
↓ 

C
on

tro
l 

er
ro

rs
↓ 

Pa
ss

in
g 

ac
cu

ra
cy

↓ 
Ta

ck
le

 su
c-

ce
ss

A
er

ob
ic

:↓
 

H
ig

h 
sp

ee
d

=
 M

od
er

at
e 

sp
ee

d
=

 L
ow

 sp
ee

d
B

oa
t &

 T
ay

-
lo

r, 
20

17
 

[1
03

]

63
Yo

un
g 

ad
ul

ts
, r

ec
-

re
at

io
na

lly
 a

ct
iv

e 
(4

 ±
 

2d
ay

s o
f e

xe
rc

is
e/

w
k)

22
 ±

 3
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
4 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

W
al

l s
it 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n/
fa

ilu
re

 (i
so

-
m

et
ric

)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

B
oa

t e
t a

l.,
 

20
17

 [7
4]

14
C

om
pe

tit
iv

e 
en

du
ra

nc
e 

cy
cl

ist
s, 

11
 ±

 6
 h

rs
/

w
ee

k 
of

 tr
ai

ni
ng

20
–5

2
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
4 

m
in

–
16

km
 ti

m
e 

tri
al

 o
n 

cy
cl

e 
er

go
m

et
er

 
(a

er
ob

ic
)

–
=

 C
om

pl
et

io
n 

tim
e

B
ra

y 
et

 a
l.,

 
20

08
 [2

2]
49

 (2
3/

26
)

U
ni

ve
rs

ity
 st

ud
en

ts
, 

se
de

nt
ar

y
21

.2
5 

±
 1

.7
0

B
et

w
ee

n
St

ro
op

 
ta

sk
C

on
gr

ue
nt

 
St

ro
op

 ta
sk

3 
m

in
 4

0 
se

c
N

o 
di

ffe
r-

en
ce

 in
 

fa
tig

ue
 

or
 m

en
ta

l 
eff

or
t

H
an

dg
rip

 
m

ax
im

um
 

vo
lu

nt
ar

y 
co

nt
ra

ct
io

n 
(a

na
er

ob
ic

), 
is

om
et

ric
 

(5
0%

M
V

C
) 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n/
fa

ilu
re

–
=

 P
ea

k 
fo

rc
e 

(a
na

er
o-

bi
c)
↓ 

Ti
m

e 
to

 fa
ilu

re
 

(is
om

et
ric

)



506	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

B
ra

y 
et

 a
l.,

 
20

13
 [9

4]
48

 (2
4/

24
)

U
ni

ve
rs

ity
 st

ud
en

ts
 

en
ga

gi
ng

 in
 le

ss
 th

an
 

2 
w

ee
kl

y 
ex

er
ci

se
 

se
ss

io
ns

22
.2

6 
±

 5
.9

7
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
5 

m
in

↑ 
Pe

r-
ce

iv
ed

 
m

en
ta

l 
eff

or
t a

nd
 

tir
ed

ne
ss

Is
om

et
ric

 
(5

0%
 M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

B
ra

y 
et

 a
l.,

 
20

11
 [2

5]
61

 (2
8/

33
)

O
ld

er
 a

du
lts

71
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
3 

m
in

 4
0 

se
c

↑ 
Pe

r-
ce

iv
ed

 
m

en
ta

l 
eff

or
t a

nd
 

tir
ed

ne
ss

Is
om

et
ric

 
(5

0%
M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

B
ro

w
n 

&
 

B
ra

y,
 2

01
7 

[2
6]

12
3 

(2
1/

20
, 

20
,2

1,
21

,2
1)

U
nd

er
gr

ad
ua

te
 st

ud
en

ts
, 

un
tra

in
ed

 a
nd

 re
cr

ea
-

tio
na

lly
 a

ct
iv

e

19
.8

7 
±

 1
.5

8
B

et
w

ee
n

St
ro

op
 

ta
sk

D
oc

um
en

ta
ry

0,
2,

4,
6,

8,
10

 
m

in
↑ 

M
F-

VA
S 

sc
or

e
Is

om
et

ric
 

(5
0%

 M
V

C
) 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n/
fa

ilu
re

=
Ti

m
e 

to
 fa

il-
ur

e:
0-

m
in

: 
=

2-
m

in
: 

=
4-

m
in

: =
6-

m
in

 ↓
 8

-m
in

: 
↓1

0-
m

in
: ↓

B
ro

w
n 

&
 

B
ra

y,
 2

01
8 

[3
1]

25
U

ni
ve

rs
ity

 st
ud

en
ts

, 
<

15
0m

in
 M

V
PA

/w
ee

k
20

.1
6 

±
 1

.4
8

W
ith

in
A

X
-C

PT
D

oc
um

en
ta

ry
50

 m
in

↑ 
M

F-
VA

S 
sc

or
e

To
ta

l w
or

k 
in

 3
0m

in
 o

f 
se

lf-
pa

ce
d 

cy
cl

in
g 

(a
er

ob
ic

)

↓ 
In

te
nd

ed
↓ 

To
ta

l w
or

k

B
ro

w
ns

-
be

rg
er

 
et

 a
l.,

 2
01

3 
[5

7]

12
Re

gu
la

r e
xe

rc
is

er
s, 

V
O

2 
pe

ak
 =

 5
6 

±
 6

 m
l/k

g 
pe

r m
in

24
 ±

 5
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

M
F-

VA
S 

sc
or

e
M

ea
n 

po
w

er
 

ou
tp

ut
 

du
rin

g 
tw

o 
10

-m
in

 b
ou

ts
 

of
 se

lf-
pa

ce
d 

ex
er

ci
se

, o
ne

 
at

 R
PE

 1
1 

an
d 

R
PE

 1
5 

(a
er

ob
ic

)

Fi
xe

d
R

PE
 1

1:
↓ 

Po
w

er
 o

ut
-

pu
tR

PE
 1

5:
↓ 

Po
w

er
 o

ut
pu

t



507Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

C
ia

ro
cc

o 
et

 a
l.,

 2
00

1 
- S

tu
dy

 2
a  

[6
]

24
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

 
in

 in
tro

du
ct

or
y 

ps
y-

ch
ol

og
y

–
B

et
w

ee
n

O
str

ac
is

m
Ta

lk
 fr

ee
ly

 
w

ith
 c

on
-

fe
de

ra
te

3 
m

in
↑ 

N
eg

at
iv

e 
aff

ec
t

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

sp
on

ge
 fe

ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

C
ou

tin
ho

 
et

 a
l.,

 2
01

8 
[1

04
]

10
A

m
at

eu
r s

oc
ce

r p
la

ye
rs

13
.7

 ±
 0

.5
W

ith
in

St
ro

op
 

(c
on

gr
u-

en
t &

 
in

co
n-

gr
ue

nt
 

tri
al

s)

N
o 

ta
sk

30
 m

in
N

o 
co

m
-

pa
ris

on
 

fo
r 

co
nt

ro
l 

co
nd

iti
on

To
ta

l d
ist

an
ce

 
co

ve
re

d 
in

 
a 

5-
a-

si
de

 
sm

al
l-s

id
ed

 
so

cc
er

 g
am

e 
(a

er
ob

ic
)

–
↓ 

To
ta

l d
is

-
ta

nc
e

D
or

ris
 e

t a
l.,

 
20

12
 –

 
Ex

pe
rim

en
t 

1 
[5

4]

24
C

om
pe

tit
iv

e 
m

al
e 

ro
w

er
s

>
 1

8
W

ith
in

A
rit

hm
et

ic
 

w
hi

le
 

ba
la

nc
-

in
g 

sp
iri

t 
le

ve
l

C
ou

nt
in

g 
ba

ck
w

ar
ds

 
fro

m
 1

00
0 

by
 5

s w
hi

le
 

st
an

di
ng

N
ot

 st
an

d-
ar

di
ze

d
N

o 
di

ffe
r-

en
ce

 in
 

pe
rc

ei
ve

d 
m

en
ta

l 
eff

or
t

C
om

pl
et

e 
as

 m
an

y 
pr

es
s-

up
s 

(p
us

h-
up

s)
 

as
 p

os
si

bl
e 

un
til

 fa
ilu

re
 

(d
yn

am
ic

 
re

si
st

an
ce

)

–
↓ 

Pu
sh

-u
ps

 
co

m
pl

et
ed

D
or

ris
 e

t a
l.,

 
20

12
 –

 
Ex

pe
rim

en
t 

2 
[5

4]

24
U

ni
ve

rs
ity

 st
ud

en
ts

, 
ho

ck
ey

 a
nd

 ru
gb

y 
pl

ay
er

s

–
W

ith
in

A
rit

hm
et

ic
 

w
hi

le
 

ba
la

nc
-

in
g 

sp
iri

t 
le

ve
l

C
ou

nt
in

g 
ba

ck
w

ar
ds

 
fro

m
 1

00
0 

by
 5

s w
hi

le
 

st
an

di
ng

N
ot

 st
an

d-
ar

di
ze

d
↑ 

Pe
r-

ce
iv

ed
 

m
en

ta
l 

eff
or

t

C
om

pl
et

e 
as

 
m

an
y 

si
t-u

ps
 

as
 p

os
si

bl
e 

un
til

 fa
ilu

re
 

(d
yn

am
ic

 
re

si
st

an
ce

)

–
↓ 

Si
t-u

ps
 

co
m

pl
et

ed

D
un

ca
n 

et
 a

l.,
 

20
15

a  [1
05

]
8

U
ni

ve
rs

ity
 st

ud
en

ts
, 

ph
ys

ic
al

ly
 tr

ai
ne

d,
 

fro
m

 te
am

 sp
or

ts
 

in
cl

ud
in

g:
 ru

gb
y,

 fo
ot

-
ba

ll,
 &

 b
as

ke
tb

al
l

24
.8

 ±
 4

.1
W

ith
in

C
on

ce
n-

tra
tio

n 
gr

id
s

D
oc

um
en

ta
ry

40
 m

in
–

M
ea

n 
po

w
er

 
ou

tp
ut

 
th

ro
ug

ho
ut

 
fo

ur
 3

0 
se

c 
W

in
ga

te
 

te
sts

 
(a

na
er

ob
ic

)

–
=

 M
ea

n 
cy

cl
in

g 
po

w
er

En
gl

er
t &

 
B

er
tra

m
s, 

20
12

 - 
St

ud
y 

1 
[5

5]

64
 (3

2/
32

)
A

m
at

eu
r m

al
e 

ba
sk

et
ba

ll 
pl

ay
er

s
22

.9
2 

±
 6

.1
1

B
et

w
ee

n
Te

xt
 tr

an
-

sc
rip

tio
n 

– 
w

ith
 

om
is

si
on

Te
xt

 tr
an

-
sc

rip
tio

n
6 

m
in

↑ 
Pe

r-
ce

iv
ed

 
ta

sk
 

di
ffi

cu
lty

, 
eff

or
t, 

an
d 

fe
el

-
in

gs
 o

f 
de

pl
et

io
n

B
as

ke
tb

al
l 

fr
ee

 th
ro

w
 

ac
cu

ra
cy

 
(m

ot
or

)

–
=

 N
um

be
r o

f 
ba

sk
et

s /
10

 
at

te
m

pt
s



508	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

En
gl

er
t &

 
B

er
tra

m
s, 

20
12

 - 
St

ud
y 

2 
[5

5]

40
 (2

1/
19

)
U

ni
ve

rs
ity

 st
ud

en
ts

22
.2

7 
±

 3
.3

9
B

et
w

ee
n

Te
xt

 tr
an

-
sc

rip
tio

n 
– 

w
ith

 
om

is
si

on

Te
xt

 tr
an

-
sc

rip
tio

n
6 

m
in

↑ 
Pe

r-
ce

iv
ed

 
ta

sk
 

di
ffi

cu
lty

, 
eff

or
t, 

an
d 

fe
el

-
in

gs
 o

f 
de

pl
et

io
n

D
ar

t t
hr

ow
in

g 
ac

cu
ra

cy
 

(m
ot

or
)

–
=

 D
ar

t t
hr

ow
-

in
g 

ac
cu

ra
cy

En
gl

er
t &

 
B

er
tra

m
s, 

20
14

 [1
06

]

37
 (1

9/
18

)
U

ni
ve

rs
ity

 sp
or

t s
tu

-
de

nt
s, 

sp
rin

t e
xp

er
i-

en
ce

22
.0

5 
±

 1
.8

9
B

et
w

ee
n

C
ro

ss
in

g 
ou

t l
et

-
te

rs
 ta

sk

Tr
an

sc
rib

in
g 

ne
ut

ra
l t

ex
t

6 
m

in
↑ 

Pe
r-

ce
iv

ed
 

eff
or

t

Sp
rin

t s
ta

rt 
re

ac
tio

n 
tim

e 
(m

ot
or

)

–
↑ 

Re
ac

tio
n 

tim
e

En
gl

er
t &

 
W

ol
ff,

 2
01

5 
[1

07
]

20
U

ni
ve

rs
ity

 sp
or

t s
tu

de
nt

s
25

.0
0 

±
 1

.8
4

W
ith

in
St

ro
op

 
ta

sk
C

on
gr

ue
nt

 
St

ro
op

 ta
sk

Ti
m

e 
to

 
co

m
pl

et
e 

80
 tr

ia
ls

 
of

 S
tro

op
 

(ti
m

e 
no

t 
re

po
rte

d)

N
o 

di
ffe

r-
en

ce
 in

 
po

si
-

tiv
e 

or
 

ne
ga

tiv
e 

m
oo

d

C
yc

le
 a

s f
as

t 
as

 p
os

si
bl

e 
fo

r 1
8 

m
in

 
at

 fi
xe

d 
w

or
kl

oa
d 

(a
er

ob
ic

)

–
↓ 

bp
m

 a
nd

 
rp

m

En
gl

er
t e

t a
l.,

 
20

15
 [1

08
]

31
 (1

5/
16

)
Ex

pe
rie

nc
ed

 m
al

e 
ba

s-
ke

tb
al

l p
la

ye
rs

29
.2

6 
±

 4
.9

0
B

et
w

ee
n

Te
xt

 tr
an

-
sc

rip
tio

n 
– 

w
ith

 
om

is
si

on

Tr
an

sc
rip

-
tio

n 
ta

sk
 

w
ith

ou
t 

om
is

si
on

s

6 
m

in
↑ 

Pe
r-

ce
iv

ed
 

de
pl

et
io

n

B
as

ke
tb

al
l f

re
e 

th
ro

w
 p

er
-

ce
nt

ag
e 

(/3
0)

 
in

 d
ist

ra
ct

in
g 

en
vi

ro
nm

en
t 

(m
ot

or
)

–
↓ 

Fr
ee

 th
ro

w
 

pe
rc

en
ta

ge

En
gl

er
t e

t a
l.,

 
20

15
 [1

09
]

38
 (1

9/
19

)
U

ni
ve

rs
ity

 le
ve

l f
em

al
e 

so
cc

er
 p

la
ye

rs
, 1

4.
13

 
±

 3
.8

8 
ye

ar
s o

f e
xp

er
i-

en
ce

20
.5

8 
±

 2
.1

0
B

et
w

ee
n

Te
xt

 tr
an

-
sc

rip
tio

n 
– 

w
ith

 
om

is
si

on

Tr
an

sc
rib

in
g 

ne
ut

ra
l t

ex
t

6 
m

in
↑ 

Pe
r-

ce
iv

ed
 

de
pl

et
io

n

Sp
rin

t s
ta

rts
 

(m
ot

or
)

–
↑ 

Fa
ls

e 
st

ar
ts

Fi
lip

as
 e

t a
l.,

 
20

18
 [1

10
]

17
Yo

un
g 

ro
w

er
s

11
 ±

 1
.0

6
W

ith
in

St
ro

op
 

ta
sk

C
ol

or
in

g
60

 m
in

↑ 
M

en
ta

l 
de

m
an

d 
an

d 
eff

or
t

15
00

m
 ti

m
e 

tri
al

 o
n 

ro
w

er
-

er
go

m
et

er
 

(a
er

ob
ic

)

=
=

 C
om

pl
et

io
n 

tim
e

Fi
nk

el
 e

t a
l.,

 
20

06
 - 

St
ud

y 
4 

[1
11

]

32
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

19
.5

2 
±

 1
.1

2
W

ith
in

In
effi

ci
en

t 
so

ci
al

 
co

or
di

-
na

tio
n

Effi
ci

en
t 

so
ci

al
 

co
or

di
na

-
tio

n 
(n

on
-

de
pr

es
se

d 
lo

w
-m

ai
nt

e-
na

nc
e)

6 
m

in
N

o 
di

ffe
r-

en
ce

 in
 

su
bj

ec
-

tiv
el

y 
ex

pe
ri-

en
ce

d 
de

pl
et

io
n

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 fa

ilu
re

 
(u

nt
il 

er
as

er
 

dr
op

pe
d)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re



509Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

G
ra

ha
m

 &
 

B
ra

y,
 2

01
2 

[2
8]

24
 (9

/1
5)

U
ni

ve
rs

ity
 st

ud
en

ts
 

en
ga

gi
ng

 in
 le

ss
 th

an
 

2 
w

ee
kl

y 
ex

er
ci

se
 

se
ss

io
ns

21
.6

0 
±

 4
.0

0
B

et
w

ee
n

G
ui

de
d 

im
ag

er
y

Q
ui

et
 re

st
6 

m
in

↑ 
Pe

r-
ce

iv
ed

 
m

en
ta

l 
eff

or
t a

nd
 

tir
ed

ne
ss

Is
om

et
ric

 
(3

0%
 M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

–
=

 T
im

e 
to

 
fa

ilu
re

G
ra

ha
m

 &
 

B
ra

y,
 2

01
5 

[7
8]

37
 (1

8/
19

)
U

ni
ve

rs
ity

 st
ud

en
ts

, <
 

90
 m

in
/w

ee
k 

M
V

PA
, 

no
 re

si
st

an
ce

 tr
ai

ni
ng

 
du

rin
g 

la
st 

6 
m

on
th

s

21
.4

8 
±

 2
.9

3
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
5 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

Is
om

et
ric

 
(5

0%
M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

=
↓ 

Ti
m

e 
to

 
fa

ilu
re

G
ra

ha
m

 
et

 a
l.,

 2
01

7 
[5

8]

50
 (2

5/
25

)
U

ni
ve

rs
ity

 st
ud

en
ts

, <
 

15
0 

m
in

/w
ee

k 
M

V
PA

20
.9

8 
±

 2
.8

3
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
5 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

Se
at

ed
 b

en
ch

 
pr

es
s a

t 6
0%

 
1R

M
 a

nd
 le

g 
ex

te
ns

io
n 

at
 

40
%

 1
R

M
 

un
til

 fa
ilu

re
 

(d
yn

am
ic

 
re

si
st

an
ce

)

–
↓ 

Re
pe

tit
io

ns
 

co
m

pl
et

ed
 

fo
r b

en
ch

 
pr

es
s a

nd
 le

g 
ex

te
ns

io
ns

G
ra

ha
m

 
et

 a
l.,

 2
01

8 
[1

12
]

70
 (3

3/
37

)
C

hi
ld

re
n 

at
 su

m
m

er
 

sp
or

ts
 c

am
p

10
.1

4 
±

 1
.9

0
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
5 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

Is
om

et
ric

 
(3

0%
 M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

=
↓ 

Ti
m

e 
to

 
fa

tig
ue

G
ra

ha
m

 
et

 a
l.,

 2
01

4 
[1

13
]

50
 (2

5/
25

)
U

ni
ve

rs
ity

 st
ud

en
ts

20
.9

0 
±

 3
.0

5
B

et
w

ee
n

Im
ag

er
y

Q
ui

et
 re

st
3 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

Is
om

et
ric

 
(5

0%
M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

–
↓ 

Ti
m

e 
to

 
fa

ilu
re



510	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

H
ag

ge
r e

t a
l.,

 
20

13
 - 

St
ud

y 
1 

[4
0]

19
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

, 
re

gu
la

r c
ig

ar
et

te
 

sm
ok

er
s

23
.4

7 
±

 3
.0

1
W

ith
in

C
ue

 e
xp

o-
su

re
 ta

sk
 

-c
ig

a-
re

tte
s

N
eu

tra
l 

im
ag

e 
ex

po
su

re
 

ta
sk

~ 
5.

5 
m

in
–

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 fa

ilu
re

 
(u

nt
il 

co
in

 
dr

op
pe

d)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

H
ag

ge
r e

t a
l.,

 
20

13
 - 

St
ud

y 
2 

[4
0]

32
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

, 
re

gu
la

r c
ig

ar
et

te
 

sm
ok

er
s

20
.1

3 
±

 1
.4

1
W

ith
in

C
ue

 e
xp

o-
su

re
 ta

sk
 

-c
ig

a-
re

tte
s

C
ue

 e
xp

os
ur

e 
ta

sk
 w

ith
 

str
aw

s

~ 
15

 m
in

–
Is

om
et

ric
 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 fa
ilu

re
 

(u
nt

il 
co

in
 

dr
op

pe
d)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

H
ea

d 
et

 a
l.,

 
20

16
 [5

9]
18

Yo
un

g 
ad

ul
ts

, a
t l

ea
st 

6 
m

on
th

s e
xp

er
ie

nc
e 

pa
rti

ci
pa

tin
g 

in
 h

ig
h 

in
te

ns
ity

 e
xe

rc
is

e 
ro

ut
in

es

28
 ±

 3
.8

W
ith

in
C

om
pu

te
r-

iz
ed

 V
ig

-
ila

nc
e 

ta
sk

 (l
ow

 
go

/ h
ig

h 
no

-g
o)

D
oc

um
en

ta
ry

52
 m

in
–

H
ig

h 
in

te
ns

ity
 

bo
dy

 re
si

st-
an

ce
 e

xe
rc

is
e 

ro
ut

in
e 

re
pe

at
ed

 
as

 m
an

y 
tim

es
 a

s 
po

ss
ib

le
 in

 
20

 m
in

ut
es

 
(d

yn
am

ic
 

re
si

st
an

ce
)

=
=

 R
ep

et
iti

on
s 

co
m

pl
et

ed
↑ 

Ti
m

e 
on

 ta
sk

H
ea

d 
et

 a
l.,

 
20

17
 [6

0]
20

M
al

e 
in

fa
nt

ry
 so

ld
ie

rs
 

fro
m

 U
S,

 e
xt

en
si

ve
ly

 
tra

in
ed

 in
 ri

fle
 m

ar
ks

-
m

an
sh

ip

–
W

ith
in

Re
sp

on
se

 
in

hi
bi

-
tio

n 
(S

A
RT

)

D
oc

um
en

ta
ry

49
 m

in
↑ 

Su
bj

ec
-

tiv
e 

m
en

ta
l 

w
or

kl
oa

d

M
ar

ks
m

an
sh

ip
 

(m
ot

or
)

–
=

 A
cc

ur
ac

y
=

 D
C

SG
↑ 

Er
ro

rs
 o

f 
co

m
m

is
si

on
=

 E
rr

or
s o

f 
om

is
si

on
 =

 
Re

sp
on

se
 

tim
e

=
 S

G
P

Le
 M

an
se

c 
et

 a
l.,

 2
01

7 
[4

5]

5
Re

gi
on

al
-n

at
io

na
l l

ev
el

 
m

al
e 

ta
bl

e 
te

nn
is

 
pl

ay
er

s

26
.9

 ±
 8

.9
Pa

rti
al

 
cr

os
so

ve
r

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

M
F-

VA
S 

sc
or

e
Ta

bl
e 

te
nn

is
 

pe
rfo

rm
an

ce
 

(m
ot

or
)

=
↓ 

To
ta

l s
co

re
 

(↓
 b

al
l s

pe
ed

, 
↓ 

ac
cu

ra
cy

, ↑
 

fa
ul

ts
)



511Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Le
un

g 
et

 a
l.,

 
20

14
 [4

7]
20

 (1
0/

10
)

H
ea

lth
y 

co
nt

ro
ls

 
m

at
ch

ed
 to

 p
at

ie
nt

s 
w

ith
 sc

hi
zo

ph
re

ni
a 

fo
r a

ge
, g

en
de

r, 
an

d 
ed

uc
at

io
n

Ex
p:

 
30

.9
 ±

 1
2.

3
C

on
tro

l: 
34

.7
 ±

 1
2.

6

B
et

w
ee

n
C

ro
ss

in
g 

ou
t l

et
-

te
rs

 ta
sk

Le
tte

r d
el

e-
tio

n 
ta

sk
 

(o
nl

y 
cr

os
s 

ou
t C

 &
 F

)

O
ne

 p
as

-
sa

ge
 o

f 
te

xt

–
Is

om
et

ric
 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 fa
ilu

re
 

(u
nt

il 
co

in
 

dr
op

pe
d)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

M
ac

M
ah

on
 

et
 a

l.,
 2

01
4 

[1
14

]

20
Yo

un
g 

ad
ul

ts
, c

ur
re

nt
ly

 
ru

nn
in

g 
2.

84
 ±

 1
.7

9 
hr

s/
w

ee
k,

 fa
m

ili
ar

 w
ith

 
3k

m
 ru

n 
di

st
an

ce

25
.4

 ±
 3

.2
4

W
ith

in
A

X
-C

PT
D

oc
um

en
-

ta
ry

; 3
m

in
 

A
X

-C
PT

 
be

fo
re

 a
nd

 
af

te
r d

oc
u-

m
en

ta
ry

90
 m

in
↑ 

PO
M

S 
fa

tig
ue

 
su

bs
ca

le
 

sc
or

e

3k
m

 ti
m

e 
tri

al
 

ru
nn

in
g 

on
 

in
do

or
 tr

ac
k 

(a
er

ob
ic

)

=
↑ 

C
om

pl
et

io
n 

tim
e

M
ar

co
ra

 
et

 a
l.,

 2
00

9 
[9

5]

16
Yo

un
g 

ad
ul

ts
, e

ng
ag

-
in

g 
in

 re
gu

la
r a

er
ob

ic
 

ex
er

ci
se

, V
O

2p
ea

k =
 5

2 
±

 8
 m

l/k
g 

pe
r m

in

26
 ±

 3
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

B
RU

M
S 

fa
tig

ue
 

su
bs

ca
le

 
sc

or
e

C
yc

lin
g 

at
 

80
%

 p
ea

k 
w

or
k-

lo
ad

 u
nt

il 
vo

lit
io

na
l 

ex
ha

us
tio

n 
(a

er
ob

ic
)

=
↓ 

Ti
m

e 
to

 
ex

ha
us

tio
n

M
ar

tij
n 

et
 a

l.,
 

20
07

a  [1
15

]
77

U
nd

er
gr

ad
ua

te
 st

ud
en

ts
–

B
et

w
ee

n
D

iffi
cu

lt 
la

by
-

rin
th

s

So
lv

e 
ea

sy
 

la
by

rin
th

s
10

 m
in

–
Is

om
et

ric
 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 
fa

ilu
re

 (u
nt

il 
m

at
ch

 fe
ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

M
ar

tij
n 

et
 a

l.,
 

20
02

 - 
St

ud
y 

1 
[7

]

33
 (1

6/
17

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

B
et

w
ee

n
Em

ot
io

n 
su

pp
re

s-
si

on

W
at

ch
 sa

m
e 

vi
de

o 
w

ith
ou

t 
in

str
uc

tio
ns

 
to

 su
pp

re
ss

 
em

ot
io

ns

3 
m

in
N

o 
di

ffe
r-

en
ce

 in
 

PO
M

S 
fa

tig
ue

 
su

bs
ca

le
 

sc
or

e

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 fa

ilu
re

 
(u

nt
il 

m
at

ch
 

dr
op

pe
d)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re



512	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

M
ar

tin
 e

t a
l.,

 
20

15
 [6

1]
12

Yo
un

g 
ad

ul
ts

, h
ig

h 
in

te
ns

ity
 tr

ai
ni

ng
 3

x/
w

ee
k,

 p
ea

k 
ox

yg
en

 
up

ta
ke

 =
 5

3 
±

 1
3 

L/
m

in
)

23
 ±

 3
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

Pe
r-

ce
iv

ed
 

m
en

ta
l 

eff
or

t, 
no

 
di

ffe
r-

en
ce

 in
 

pe
rc

ei
ve

d 
tir

ed
ne

ss

C
ou

nt
er

m
ov

e-
m

en
t j

um
p 

(a
na

er
ob

ic
)

is
om

et
ric

 
m

ax
i-

m
al

 k
ne

e 
ex

te
ns

io
n 

(a
na

er
ob

ic
)3

 
m

in
 a

ll-
ou

t 
cy

cl
in

g 
te

st 
(a

na
er

ob
ic

)

=
=

 Ju
m

p 
he

ig
ht

=
 P

ea
k 

to
rq

ue
=

 
C

rit
ic

al
 

po
w

er

M
ar

tin
 e

t a
l.,

 
20

16
 [4

9]
20

Pr
of

es
si

on
al

 m
al

e 
ro

ad
 

cy
cl

ist
s (

n 
=

 1
1)

; p
ea

k 
po

w
er

 o
ut

pu
t=

 4
14

 ±
 

48
W

re
cr

ea
tio

na
l m

al
e 

ro
ad

 c
yc

lis
ts

 (n
 =

 9
); 

pe
ak

 p
ow

er
 o

ut
pu

t=
 

26
1 

±
 2

8W

Pr
o:

 
23

.4
 ±

 6
.4

Re
c:

 
25

.6
 ±

 5
.3

W
ith

in
St

ro
op

 
ta

sk
Fo

cu
s o

n 
bl

ac
k 

cr
os

s 
in

 c
en

te
r o

f 
sc

re
en

30
 m

in
↑ 

Pe
r-

ce
iv

ed
 

m
en

ta
l 

eff
or

t

M
ax

im
al

 d
is

-
ta

nc
e 

te
st 

in
 

20
 m

in
ut

es
 

on
 c

yc
le

 
er

go
m

et
er

 
(a

er
ob

ic
)

=
Pr

of
es

si
on

al
 

cy
cl

ist
s:

=
 D

ist
an

ce
 

co
ve

re
d=

 
Sp

ee
d

Re
cr

ea
tio

na
l 

cy
cl

ist
s:

↓ 
D

ist
an

ce
 

co
ve

re
d 
↓ 

Sp
ee

d
M

ar
tin

 G
in

is
 

&
 B

ra
y,

 
20

10
 [9

6]

61
 (3

0/
31

)
U

ni
ve

rs
ity

 st
ud

en
ts

20
 ±

 2
.4

B
et

w
ee

n
St

ro
op

 
ta

sk
C

on
gr

ue
nt

 
St

ro
op

 ta
sk

3 
m

in
 4

0 
se

c
N

o 
di

ffe
r-

en
ce

 in
 

su
bj

ec
-

tiv
e 

fa
tig

ue

W
or

k 
ge

ne
r-

at
ed

 in
 

10
m

in
 b

ou
t 

on
 c

yc
le

 
er

go
m

et
er

 
(a

er
ob

ic
)

Fi
xe

d
↓ 

W
or

k 
ou

tp
ut

M
cE

w
an

 
et

 a
l.,

 2
01

3 
[6

2]

62
 (3

1/
31

)
Yo

un
g 

ad
ul

ts
, i

ne
xp

er
i-

en
ce

d 
da

rt 
pl

ay
er

s
22

.8
 ±

 3
.9

5
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
5 

m
in

N
o 

di
ffe

r-
en

ce
 in

 
M

F-
VA

S 
sc

or
e

D
ar

t t
hr

ow
in

g 
(m

ot
or

)
–

↓ 
A

cc
ur

ac
y=

 
Re

ac
tio

n 
tim

e

M
ol

de
n 

et
 a

l.,
 

20
12

 - 
Ex

pe
rim

en
t 

2 
[7

7]

44
 (2

2/
22

)
U

ni
ve

rs
ity

 st
ud

en
ts

18
.8

4 
±

 0
.5

7
B

et
w

ee
n

Pe
rc

ep
tu

al
 

vi
gi

la
nc

e 
ta

sk

C
ro

ss
in

g 
ou

t 
al

l e
’s

Ti
m

e 
to

 
re

ad
 o

ne
 

pa
ge

 o
f 

te
xt

–
Is

om
et

ric
 

en
du

ra
nc

e 
ha

nd
gr

ip
 

sq
ue

ez
e 

un
til

 
fa

ilu
re

 (u
nt

il 
w

ad
 o

f p
ap

er
 

fe
ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re



513Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

M
ur

av
en

 
et

 a
l.,

 1
99

8 
- S

tu
dy

 1
 

[8
]

40
 (2

0/
20

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

 
in

 in
tro

du
ct

or
y 

ps
y-

ch
ol

og
y

–
B

et
w

ee
n

Re
gu

la
tin

g 
em

ot
io

ns
 

w
at

ch
in

g 
vi

de
o 

cl
ip

W
at

ch
 sa

m
e 

vi
de

o 
w

ith
ou

t 
in

str
uc

tio
ns

 
to

 su
pp

re
ss

 
em

ot
io

ns

3 
m

in
↑ 

Su
bj

ec
-

tiv
e 

fa
tig

ue

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

w
ad

 o
f p

ap
er

 
fe

ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

M
ur

ta
gh

 &
 

To
dd

, 2
00

4 
- S

tu
dy

 1
 

[1
16

]

69
 (2

7/
42

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

, 
pr

ed
om

in
an

tly
 C

au
-

ca
si

an

21
.4

B
et

w
ee

n
St

ro
op

 
ta

sk
C

on
gr

ue
nt

 
St

ro
op

 ta
sk

15
 m

in
–

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

cl
ot

h 
ba

ll 
fe

ll)

–
=

 T
im

e 
to

 
fa

ilu
re

O
ta

ni
 e

t a
l.,

 
20

17
 [4

2]
8

Yo
un

g 
ad

ul
t m

al
es

, 
V

O
2m

ax
=

 4
5.

2 
±

 6
 m

L/
m

in
/K

g

22
 ±

 0
.6

W
ith

in
St

ro
op

 
ta

sk
; 

St
er

n-
be

rg
 

pa
ra

-
di

gm
; 

R
ap

id
 

vi
su

al
 

in
fo

 p
ro

-
ce

ss
in

g

D
oc

um
en

ta
ry

90
 m

in
↑ 

Se
lf-

re
po

rte
d 

M
F

C
yc

lin
g 

at
 8

0%
 

V
O

2m
ax

 u
nt

il 
vo

lit
io

na
l 

ex
ha

us
-

tio
n/

fa
ilu

re
 

(a
er

ob
ic

)

=
↓ 

Ti
m

e 
to

 
fa

ilu
re

Pa
ge

au
x 

et
 a

l.,
 2

01
3 

[6
6]

10
Ph

ys
ic

al
ly

 a
ct

iv
e 

m
al

e 
ad

ul
ts

22
 ±

 2
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

B
RU

M
S 

fa
tig

ue
 

su
bs

ca
le

 
sc

or
e

Le
g 

ex
te

ns
io

n 
m

ax
im

um
 

vo
lu

nt
ar

y 
co

nt
ra

ct
io

n 
(a

na
er

ob
ic

),
is

om
et

ric
 

(2
0%

 M
V

C
) 

kn
ee

 c
on

-
tra

ct
io

n 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

↑
=

 P
ea

k 
to

rq
ue

 
(a

na
er

o-
bi

c)
↓ 

Ti
m

e 
to

 fa
ilu

re
 

(is
om

et
ric

)



514	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Pa
ge

au
x 

et
 a

l.,
 2

01
4 

[1
9]

12
Yo

un
g 

ad
ul

ts
, a

t l
ea

st 
6 

m
on

th
s e

xp
er

ie
nc

e 
pa

rti
ci

pa
tin

g 
in

 a
er

ob
ic

 
ex

er
ci

se

21
 ±

 1
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
30

 m
in

N
o 

di
ffe

r-
en

ce
 in

 
B

RU
M

S 
fa

tig
ue

 
su

bs
ca

le
,

↑ 
pe

rc
ei

ve
d 

m
en

ta
l 

de
m

an
d 

an
d 

m
en

ta
l 

eff
or

t

5k
m

 ti
m

e 
tri

al
 

on
 tr

ea
dm

ill
 

(a
er

ob
ic

)

↑
↑ 

C
om

pl
et

io
n 

tim
e

Pa
ge

au
x 

et
 a

l.,
 2

01
5 

[1
17

]

12
Ph

ys
ic

al
ly

 a
ct

iv
e 

ad
ul

t 
m

al
es

25
 ±

 4
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
30

 m
in

N
o 

di
ffe

r-
en

ce
 in

 
B

RU
M

S 
fa

tig
ue

 
su

bs
ca

le
,

↑ 
pe

rc
ei

ve
d 

m
en

ta
l 

de
m

an
d 

an
d 

m
en

ta
l 

eff
or

t

Le
g 

ex
te

ns
io

n 
m

ax
im

um
 

vo
lu

nt
ar

y 
co

nt
ra

ct
io

n

–
=

 P
ea

k 
to

rq
ue

Pe
nn

a 
et

 a
l.,

 
20

18
 [4

3]
16

Yo
ut

h 
sw

im
m

er
s 

co
m

pe
tin

g 
at

 st
at

e 
or

 
na

tio
na

l l
ev

el
 w

ith
 

7.
35

 ±
 2

.2
 y

ea
rs

 o
f 

sw
im

m
in

g 
ex

pe
rie

nc
e 

an
d 

tra
in

in
g 

an
 av

er
ag

e 
of

 3
0,

00
0m

/w
ee

k

15
.4

5 
±

 0
.5

1
W

ith
in

St
ro

op
 

ta
sk

D
oc

um
en

ta
ry

30
 m

in
↑ 

M
F-

VA
S 

sc
or

e
15

00
m

 
sw

im
m

in
g 

tim
e 

tri
al

 
(a

er
ob

ic
)

=
↑ 

C
om

pl
et

io
n 

tim
e

Pi
re

s e
t a

l.,
 

20
18

 [9
3]

8
M

al
e 

re
cr

ea
tio

na
l 

cy
cl

ist
s

29
.3

 ±
 7

.9
W

ith
in

R
ap

id
 

vi
su

al
 

in
fo

r-
m

at
io

n 
pr

oc
es

s-
in

g 
te

st

Re
st

30
 m

in
N

o 
di

ffe
r-

en
ce

 in
 

PO
M

S 
fa

tig
ue

 
su

bs
ca

le

20
km

 ti
m

e 
tri

al
 o

n 
ro

ad
 

bi
ke

 c
yc

le
 

si
m

ul
at

or
 

(a
er

ob
ic

)

Fa
ste

r 
in

cr
ea

se
↑ 

C
om

pl
et

io
n 

tim
e 
↓ 

M
ea

n 
w

at
ta

ge



515Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Ro
us

se
y 

et
 a

l.,
 2

01
8 

[1
18

]

11
Tr

ai
ne

d 
m

al
e 

cy
cl

ist
s, 

V
O

2p
ea

k =
 6

3 
±

 5
 m

l/
kg

 p
er

 m
in

27
.0

 ±
 8

.6
W

ith
in

St
ro

op
 

ta
sk

D
oc

um
en

ta
ry

60
 m

in
N

o 
di

ffe
r-

en
ce

 in
 

B
RU

M
S 

fa
tig

ue
 

su
bs

ca
le

,
↑ 

pe
rc

ei
ve

d 
m

en
ta

l 
de

m
an

d 
an

d 
m

en
ta

l 
eff

or
t

C
yc

lin
g 

at
 

R
PE

 =
 1

5 
fo

r 3
0 

m
in

 
(a

er
ob

ic
)

Fi
xe

d
=

 M
ea

n 
po

w
er

 
ou

tp
ut

Sa
la

m
 e

t a
l.,

 
20

18
 [6

3]
11

Tr
ai

ne
d 

m
al

e 
cy

cl
ist

s, 
V

O
2p

ea
k =

 6
0.

4 
±

 4
.1

 
m

l/k
g 

pe
r m

in

38
 ±

 6
W

ith
in

St
ro

op
 

ta
sk

Re
ad

in
g 

“e
m

o-
tio

na
lly

 
ne

ut
ra

l”
 

m
ag

az
in

es

30
 m

in
↑ 

M
F 

on
 

10
-p

oi
nt

 
sc

al
e

Ti
m

e 
to

 
ex

ha
us

tio
n 

on
 c

yc
le

 
er

go
m

et
er

 a
t 

40
%

, 6
0%

, 
80

%
 a

nd
 

10
0%

 o
f 

V
O

2p
ea

k 
(a

er
ob

ic
)

↑
↓ 

Ti
m

e 
to

 
ex

ha
us

tio
n 

at
 4

0%
, 

60
%

, 8
0%

 
an

d 
10

0%
 o

f 
V

O
2p

ea
k

Sc
hu

ck
er

 &
 

M
ac

M
a-

ho
n,

 2
01

6 
- S

tu
dy

 1
 

[5
3]

12
Tr

ai
ne

d 
at

hl
et

es
 (n

 =
 

6 
te

am
 sp

or
t a

th
le

te
s 

an
d 

n 
=

 6
 e

nd
ur

an
ce

 
at

hl
et

es
)

29
.4

1 
±

 1
4.

47
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
10

 m
in

↑ 
Su

bj
ec

-
tiv

e 
M

F
B

ee
p 

te
st 

(a
er

ob
ic

)
↑

=
 C

om
pl

et
io

n 
tim

e

Sc
hu

ck
er

 &
 

M
ac

M
a-

ho
n,

 2
01

6 
- S

tu
dy

 2
 

[5
3]

11
Tr

ai
ne

d 
at

hl
et

es
30

.6
4 

±
 1

3.
11

W
ith

in
St

ro
op

 
ta

sk
D

oc
um

en
ta

ry
10

 m
in

N
o 

di
ffe

r-
en

ce
 in

 
su

bj
ec

-
tiv

e 
M

F,
 ↑

 
pe

rc
ei

ve
d 

eff
or

t

B
ee

p 
te

st 
(a

er
ob

ic
)

=
=

 C
om

pl
et

io
n 

tim
e

Se
el

ey
 &

 
G

ar
dn

er
, 

20
03

 - 
St

ud
y 

1a  
[5

6]

11
2

U
ni

ve
rs

ity
 st

ud
en

ts
–

B
et

w
ee

n
W

hi
te

 b
ea

r 
th

ou
gh

t 
su

pp
re

s-
si

on

Fr
ee

 th
in

ki
ng

5 
m

in
–

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

pa
pe

r f
el

l)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re



516	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Se
el

ey
 &

 
G

ar
dn

er
, 

20
03

 - 
St

ud
y 

2 
[5

6]

15
1

U
ni

ve
rs

ity
 st

ud
en

ts
–

B
et

w
ee

n
W

hi
te

 b
ea

r 
th

ou
gh

t 
su

pp
re

s-
si

on

Fr
ee

 th
in

ki
ng

5 
m

in
–

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

pa
pe

r f
el

l)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

Sh
or

tz
 &

 
M

eh
ta

, 
20

17
 [5

1]

20
Yo

un
ge

r (
n 

=
 1

0)
 a

nd
 

ol
de

r (
n 

=
 1

0)
 w

om
en

Yo
un

ge
r: 

24
.1

0 
±

 1
.7

9
ol

de
r: 

75
.9

0 
±

 7
.8

0

W
ith

in
St

ro
op

 
ta

sk
; 

1-
ba

ck
 

te
st

D
oc

um
en

ta
ry

 
an

d/
or

 re
ad

 
m

ag
az

in
es

60
 m

in
↑ 

PO
M

S 
fa

tig
ue

 
su

bs
ca

le
 

sc
or

e 
fo

r 
ol

de
r a

nd
 

yo
un

ge
r

In
te

rm
itt

en
t 

su
bm

ax
im

al
 

(3
0%

M
V

C
) 

ha
nd

gr
ip

 
sq

ue
ez

es
 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n/
fa

ilu
re

 (i
so

-
m

et
ric

)

–
O

ld
er

 w
om

en
:

↓ 
Ti

m
e 

to
 

fa
ilu

re
Yo

un
g 

w
om

en
:

=
 T

im
e 

to
 

fa
ilu

re

Sh
or

tz
 e

t a
l.,

 
20

15
a  [1

19
]

11
O

ld
er

 fe
m

al
e 

ad
ul

ts
, <

 
90

 m
in

/w
ee

k 
M

V
PA

75
.8

2 
±

 7
.4

W
ith

in
St

ro
op

 
ta

sk
; 

1-
ba

ck
 

te
st

D
oc

um
en

ta
ry

60
 m

in
↑ 

PO
M

S 
fa

tig
ue

 
su

bs
ca

le
 

sc
or

e

In
te

rm
itt

en
t 

su
bm

ax
im

al
 

(3
0%

M
V

C
) 

ha
nd

gr
ip

 
sq

ue
ez

es
 

un
til

 
vo

lit
io

na
l 

ex
ha

us
tio

n/
fa

ilu
re

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

Si
lv

a-
C

av
al

-
ca

nt
e 

et
 a

l.,
 

20
18

 [1
20

]

8
Re

cr
ea

tio
na

lly
 tr

ai
ne

d 
m

al
e 

cy
cl

ist
s

33
.8

 ±
 7

.2
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

M
F-

VA
S 

sc
or

e
4k

m
 c

yc
lin

g 
tim

e 
tri

al
 

(a
er

ob
ic

)

=
=

 C
om

pl
et

io
n 

tim
e

Sm
ith

 e
t a

l, 
20

16
 [4

6]
12

M
al

e 
so

cc
er

 p
la

ye
rs

, 1
3 

±
 2

.6
 y

ea
rs

 o
f e

xp
er

i-
en

ce

19
.3

 ±
 1

.5
W

ith
in

St
ro

op
 

ta
sk

Re
ad

in
g 

“e
m

o-
tio

na
lly

 
ne

ut
ra

l”
 

m
ag

az
in

es

30
 m

in
↑ 

M
F-

VA
S 

sc
or

e
So

cc
er

-
sp

ec
ifi

c 
de

ci
si

on
-

m
ak

in
g 

ta
sk

 
(r

es
po

ns
e 

ac
cu

ra
cy

, 
re

sp
on

se
 

tim
e)

–
↓ 

Re
sp

on
se

 
ac

cu
ra

cy
 ↓

 
Re

sp
on

se
 

tim
es

Sm
ith

 e
t a

l, 
20

16
 - 

St
ud

y 
1 

[2
4]

12
M

al
e 

re
cr

ea
tio

na
l s

oc
ce

r 
pl

ay
er

s
24

 ±
 0

.4
W

ith
in

St
ro

op
 

ta
sk

Re
ad

in
g 

“e
m

o-
tio

na
lly

 
ne

ut
ra

l”
 

m
ag

az
in

es

30
 m

in
↑ 

M
F-

VA
S 

sc
or

e
Yo

-Y
o 

IR
1 

te
st 

(a
er

ob
ic

)
↑

↓ 
D

ist
an

ce
 

co
ve

re
d



517Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Sm
ith

 e
t a

l, 
20

16
 - 

St
ud

y 
2 

[2
4]

14
Tr

ai
ne

d 
m

al
e 

co
m

pe
ti-

tiv
e 

pl
ay

er
s w

ith
 1

3.
6 

±
 3

.2
 y

ea
rs

 o
f e

xp
er

i-
en

ce

19
.6

 ±
 3

.5
W

ith
in

St
ro

op
 

ta
sk

Re
ad

in
g 

“e
m

o-
tio

na
lly

 
ne

ut
ra

l”
 

m
ag

az
in

es

30
 m

in
↑ 

M
F-

VA
S 

sc
or

e
Lo

ug
hb

or
-

ou
gh

 so
cc

er
 

pa
ss

in
g 

an
d 

sh
oo

tin
g 

te
sts

 (m
ot

or
)

–
Pa

ss
in

g:
 =

 
O

rig
in

al
 

tim
e

↑ 
Pe

na
lty

 
tim

eS
ho

ot
-

in
g:

↓ 
Po

in
ts

 p
er

 
sh

ot
 ↓

 S
ho

t 
sp

ee
d

Sm
ith

 e
t a

l.,
 

20
15

 [6
4]

10
M

al
e 

m
em

be
rs

 o
f 

co
m

pe
tit

iv
e 

in
te

rm
it-

te
nt

 sp
or

ts
 te

am
s, 

V
O

2m
ax

: 4
8 

±
 6

 m
L/

kg
 p

er
 m

in

22
 ±

 2
W

ith
in

A
X

-C
PT

D
oc

um
en

ta
ry

90
 m

in
↑ 

B
RU

M
S 

fa
tig

ue
 

su
bs

ca
le

 
sc

or
e

Se
lf-

pa
ce

d 
in

te
rm

it-
te

nt
 ru

nn
in

g 
(d

ist
an

ce
, 

ve
lo

ci
ty

, a
nd

 
w

or
k)

↑
↓ 

O
ve

ra
ll 

ve
lo

ci
ty

 ↓
 

To
ta

l d
is

-
ta

nc
e=

 T
ot

al
 

w
or

k

St
oc

ke
r e

t a
l.,

 
20

18
 [1

21
]

34
 (1

8/
16

)
Fi

rs
t y

ea
r u

ni
ve

rs
ity

 
stu

de
nt

s
20

.8
5 

±
 1

.3
1

B
et

w
ee

n
Tr

an
sc

rip
-

tio
n 

ta
sk

 
– 

w
ith

 
om

is
si

on

Tr
an

sc
rib

e 
ve

rb
at

im
6 

m
in

↑ 
Pe

r-
ce

iv
ed

 
ta

sk
 d

if-
fic

ul
ty

/
eff

or
t

Is
om

et
ric

 
pl

an
k 

un
til

 
fa

ilu
re

–
=

 T
im

e 
to

 
fa

ilu
re

Ty
le

r &
 

B
ur

ns
, 

20
08

 - 
Ex

pe
rim

en
t 

1 
[7

5]

20
 (1

0/
10

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

 
in

 in
tro

du
ct

or
y 

ps
y-

ch
ol

og
y

–
B

et
w

ee
n

A
rit

hm
et

ic
 

w
hi

le
 

st
an

di
ng

 
on

 o
ne

 
le

g

C
ou

nt
in

g 
ba

ck
w

ar
ds

 
fro

m
 2

00
0 

by
 5

s w
hi

le
 

st
an

di
ng

6 
m

in
↑ 

Pe
r-

ce
iv

ed
 

ta
sk

 d
if-

fic
ul

ty

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

sp
on

ge
 fe

ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

Ty
le

r &
 

B
ur

ns
, 

20
09

 - 
Ex

pe
rim

en
t 

2 
[5

2]

60
 (1

0 
pe

r g
ro

up
, 

6 
gr

ou
ps

)
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

–
B

et
w

ee
n

C
ro

ss
in

g 
ou

t l
et

-
te

rs
 ta

sk

C
ro

ss
in

g 
ou

t 
al

l e
’s

3 
m

in
, 1

0 
m

in
, 2

0 
m

in

↑ 
Pe

r-
ce

iv
ed

 
ta

sk
 d

if-
fic

ul
ty

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

sp
on

ge
 fe

ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

Ve
ne

ss
 e

t a
l.,

 
20

17
 [6

5]
10

El
ite

 m
al

e 
cr

ic
ke

t p
la

y-
er

s, 
m

in
im

um
 2

 y
ea

rs
 

tra
in

in
g

21
 ±

 8
W

ith
in

St
ro

op
 

ta
sk

Re
ad

in
g 

“e
m

o-
tio

na
lly

 
ne

ut
ra

l”
 

m
ag

az
in

es

30
 m

in
↑ 

M
F-

VA
S 

sc
or

e
C

ric
ke

t r
un

-
tw

o 
te

st 
(a

na
er

ob
ic

)
B

at
ak

 L
ite

 
(m

ot
or

)
Yo

-Y
o 

te
st 

(a
er

ob
ic

)

↑
↑ 

Ru
n-

tw
o 

te
st 

tim
e 

=
 B

at
ak

 
lit

e 
↑ 

Yo
-Y

o 
te

st 
tim

e



518	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Vo
hs

 e
t a

l.,
 

20
05

 - 
St

ud
y 

2a  
[1

22
]

–
U

nd
er

gr
ad

ua
te

 st
ud

en
ts

–
B

et
w

ee
n

Im
pr

es
si

on
 

fo
rm

a-
tio

n

Im
pr

es
si

on
 

ta
sk

 w
ith

-
ou

t s
el

f-
re

gu
la

tio
n

~1
0 

m
in

N
o 

di
ffe

r-
en

ce
 in

 
po

si
-

tiv
e 

or
 

ne
ga

tiv
e 

aff
ec

t o
n 

PA
N

A
S

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

sp
on

ge
 fe

ll)

–
=

 T
im

e 
to

 
fa

ilu
re

V
rij

ko
tte

 
et

 a
l.,

 2
01

8 
[1

23
]

9
Tr

ai
ne

d 
m

al
e 

cy
cl

ist
s, 

V
O

2m
ax

 =
 6

1.
67

 ±
 

5.
05

 m
l/k

g 
pe

r m
in

26
 ±

 6
W

ith
in

St
ro

op
 

ta
sk

Re
st

90
 m

in
↑ 

M
F-

VA
S 

sc
or

e
W

at
ta

ge
 

ac
hi

ev
ed

 o
n 

gr
ad

ed
 e

xe
r-

ci
se

 te
st 

(4
0 

w
at

t i
nc

re
as

e 
ev

er
y 

3m
in

 
un

til
 fa

ilu
re

) 
on

 c
yc

le
 

er
go

m
et

er
 

(a
er

ob
ic

)

=
=

 M
ax

im
um

 
w

at
ta

ge

W
ag

st
aff

, 
20

14
 [1

24
]

20
M

al
e 

un
de

rg
ra

du
at

e 
stu

de
nt

s, 
co

m
pe

tit
iv

e 
en

du
ra

nc
e 

at
hl

et
es

21
.1

3 
±

 1
.6

1
W

ith
in

Re
gu

la
te

 
em

ot
io

ns
 

w
hi

le
 

w
at

ch
in

g 
vi

de
o 

cl
ip

W
at

ch
 sa

m
e 

vi
de

o 
w

ith
ou

t 
in

str
uc

tio
ns

 
to

 su
pp

re
ss

 
em

ot
io

ns

3 
m

in
N

o 
di

ffe
r-

en
ce

 in
 

B
M

IS
 

sc
or

es

C
om

pl
et

e 
10

km
 a

s f
as

t 
as

 p
os

si
bl

e 
on

 c
yc

le
 

er
go

m
-

et
er

 a
t fi

xe
d 

w
or

kl
oa

d 
(a

er
ob

ic
)

↑
↑ 

C
om

pl
et

io
n 

tim
e

X
u 

et
 a

l.,
 

20
14

 [4
1]

10
2

C
om

m
un

ity
 a

du
lts

 a
nd

 
yo

un
g 

ad
ul

ts
C

om
m

un
ity

: 
41

.6
 ±

 1
5.

3
Yo

un
g:

 
19

.7
 ±

 1
.3

W
ith

in
C

ro
ss

in
g 

ou
t l

et
-

te
rs

 ta
sk

C
ro

ss
 o

ut
 

ev
er

y 
in

st
an

ce
 o

f 
th

e 
le

tte
r 

“e
”

8 
m

in
–

Is
om

et
ric

 
(7

0%
M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

–
=

 T
im

e 
to

 
fa

ilu
re

Y
us

ai
ny

 &
 

La
w

re
nc

e,
 

20
15

 [3
8]

55
 (2

8/
27

)
N

at
iv

e 
B

rit
is

h 
yo

un
g 

ad
ul

ts
19

.5
2 

±
 2

.0
3

B
et

w
ee

n
A

tte
nt

io
n 

co
nt

ro
l 

ta
sk

A
tte

nt
io

n 
co

nt
ro

l t
as

k 
(w

at
ch

-
in

g 
vi

de
o)

 
w

ith
 n

o 
in

str
uc

tio
ns

 
(c

ou
ld

 re
ad

 
su

bt
itl

es
)

6 
m

in
N

o 
di

ffe
r-

en
ce

 in
 

pe
rc

ei
ve

d 
ta

sk
 d

if-
fic

ul
ty

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

w
ad

 o
f p

ap
er

 
fe

ll)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re



519Effects of Prior Cognitive Exertion on Physical Performance

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

Ze
rin

g 
et

 a
l.,

 
20

16
 [7

0]
15

U
ni

ve
rs

ity
 st

ud
en

ts
, r

ec
-

re
at

io
na

lly
 a

ct
iv

e 
(6

±
2 

se
ss

io
ns

 o
f >

10
m

in
/

w
ee

k)

19
.5

6 
±

 1
.6

9
W

ith
in

St
op

-s
ig

-
na

l t
as

k
D

oc
um

en
ta

ry
10

.5
 m

in
↑ 

R
at

in
g 

of
 

pe
rc

ei
ve

d 
m

en
ta

l 
ex

er
tio

n

Pe
ak

 p
ow

er
 

ac
hi

ev
ed

 
on

 g
ra

de
d 

ex
er

ci
se

 te
st 

at
 v

ol
iti

on
al

 
ex

ha
us

-
tio

n/
fa

ilu
re

 
(a

er
ob

ic
)

↑
↓ 

Pe
ak

 p
ow

er

U
np

ub
lis

he
d 

St
ud

ie
s

B
oa

t &
 T

ay
-

lo
r [

48
]

9
Tr

ai
ne

d 
en

du
ra

nc
e 

cy
cl

ist
s

23
–2

8
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
16

 m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

16
km

 ti
m

e 
tri

al
 o

n 
cy

cl
e 

er
go

m
et

er
 

(a
er

ob
ic

)

–
=

 C
om

pl
et

io
n 

tim
e

B
oa

t &
 T

ay
-

lo
r [

48
]

9
Tr

ai
ne

d 
en

du
ra

nc
e 

cy
cl

ist
s

23
–2

8
W

ith
in

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
4 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

16
km

 ti
m

e 
tri

al
 o

n 
cy

cl
e 

er
go

m
et

er
 

(a
er

ob
ic

)

–
↑ 

C
om

pl
et

io
n 

tim
e

B
ro

w
n 

&
 

B
ra

y 
[2

7]
36

U
ni

ve
rs

ity
 st

ud
en

ts
19

.4
4 

±
 1

.4
2

W
ith

in
St

ro
op

 
ta

sk
D

oc
um

en
ta

ry
10

 m
in

↑ 
M

F-
VA

S 
ar

ea
 

un
de

r t
he

 
cu

rv
e

W
or

k 
ac

cu
-

m
ul

at
ed

 in
 

20
m

in
 o

f 
se

lf-
pa

ce
d 

cy
cl

in
g 

(a
er

ob
ic

)

=
↓ 

To
ta

l w
or

k

G
ra

ha
m

 - 
St

ud
y 

3 
[1

25
]

24
 (1

1/
13

)
U

ni
ve

rs
ity

 st
ud

en
ts

, 
<

90
m

in
 m

od
er

at
e-

vi
go

ro
us

 in
te

ns
ity

 
ph

ys
ic

al
 a

ct
iv

ity
/w

ee
k

19
.8

8 
±

 4
.2

2
B

et
w

ee
n

St
ro

op
 

ta
sk

C
on

gr
ue

nt
 

St
ro

op
 ta

sk
5 

m
in

↑ 
R

at
in

g 
of

 
pe

rc
ei

ve
d 

m
en

ta
l 

ex
er

tio
n

Is
om

et
ric

 
(5

0%
M

V
C

) 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

vo
lit

io
na

l 
ex

ha
us

tio
n/

fa
ilu

re

=
↓ 

Ti
m

e 
to

 
fa

ilu
re

La
ng

ve
e 

&
 

B
ra

y 
[1

26
]

18
U

ni
ve

rs
ity

 st
ud

en
ts

, 
<

 2
10

m
in

 v
ig

or
ou

s 
ca

rd
io

/w
ee

k

19
.7

8 
±

 1
.5

2
W

ith
in

St
ro

op
 

ta
sk

D
oc

um
en

ta
ry

10
 m

in
–

Ti
m

e 
to

 fa
ilu

re
 

at
 6

5%
 p

ea
k 

w
or

kl
oa

d 
on

 c
yc

le
 

er
go

m
et

er
 

(a
er

ob
ic

)

–
=

 T
im

e 
to

 
fa

ilu
re



520	 D. M. Y. Brown et al.

Ta
bl

e 
1  

(c
on

tin
ue

d)

St
ud

y
N

 (c
on

tro
l/

ex
pe

rim
en

ta
l)

Sa
m

pl
e 

ch
ar

ac
te

ris
tic

s
A

ge
 (m

ea
n 

±
 

SD
)

D
es

ig
n

C
og

ni
tiv

e 
ta

sk
C

on
tro

l t
as

k
C

og
ni

tiv
e 

ta
sk

 d
ur

a-
tio

n

In
te

r-
m

ed
ia

ry
 

m
ea

su
re

Ph
ys

ic
al

 ta
sk

R
PE

Re
su

lts

La
ng

ve
e 

[1
27

]
16

U
nd

er
gr

ad
ua

te
 st

ud
en

ts
, 

≥
 1

50
m

in
 M

V
PA

/
w

ee
k

20
.9

4 
±

 2
.2

1
W

ith
in

Th
ou

gh
t 

su
pp

re
s-

si
on

 ta
sk

Th
ou

gh
t 

lis
te

ni
ng

 
(w

ith
ou

t 
co

ns
tra

in
ts

)

6 
m

in
↑ 

M
F-

VA
S 

sc
or

e
M

ax
im

al
 

di
st

an
ce

 tr
ia

l 
in

 2
0m

in
 

on
 c

yc
le

 
er

go
m

et
er

 
(a

er
ob

ic
)

–
=

 D
ist

an
ce

Lu
bu

sk
o,

 
20

05
 [2

9]
54

 (2
7/

27
)

U
ni

ve
rs

ity
 st

ud
en

ts
24

.7
2 

±
 6

.0
7

B
et

w
ee

n
C

PT
A

rit
hm

et
ic

 
ta

sk
~1

4 
m

in
↑ 

B
M

IS
 

fa
tig

ue
 

su
bs

ca
le

 
sc

or
e

Is
om

et
ric

 
en

du
ra

nc
e 

ha
nd

gr
ip

 
sq

ue
ez

e 
un

til
 

fa
ilu

re
 (u

nt
il 

pa
pe

r f
el

l)

–
↓ 

Ti
m

e 
to

 
fa

ilu
re

M
ac

M
ah

on
 

et
 a

l. 
[1

28
]

14
A

th
le

tic
al

ly
 a

ct
iv

e
–

W
ith

in
St

ro
op

 
ta

sk
C

on
gr

ue
nt

 
St

ro
op

 ta
sk

30
 m

in
↑ 

Pe
r-

ce
iv

ed
 

fa
tig

ue
 

on
 1

–7
 

po
in

t 
sc

al
e

Ti
m

e 
to

 fa
ilu

re
 

on
 B

ee
p 

te
st 

(a
er

ob
ic

)

=
↑ 

C
om

pl
et

io
n 

tim
e

Sc
hu

ck
er

 
et

 a
l. 

- 
St

ud
y 

1 
[5

0]

40
20

 a
th

le
te

s, 
20

 n
on

-
tra

in
ed

–
W

ith
in

C
ou

nt
in

g 
ba

ck
-

w
ar

d 
fro

m
 

10
00

 b
y 

7s

C
ou

nt
in

g 
fo

rw
ar

d 
by

 5
s

–
–

Re
ps

 to
 fa

ilu
re

 
on

 si
t u

ps
 

(d
yn

am
ic

 
re

si
st

an
ce

)

=
↓ 

Re
ps

 to
 

fa
ilu

re

Sc
hu

ck
er

 
et

 a
l. 

-S
tu

dy
 

2 
[5

0]

26
 (1

3/
13

)
33

 (1
6/

17
)

26
 tr

ai
ne

d,
 3

3 
un

tra
in

ed
–

B
et

w
ee

n
St

ro
op

 
ta

sk
C

on
gr

ue
nt

 
St

ro
op

 ta
sk

–
–

Ti
m

e 
to

 fa
ilu

re
 

on
 w

al
l s

it 
(is

om
et

ric
)

=
=

 T
im

e 
to

 
fa

ilu
re

1R
M

 o
ne

 re
pe

tit
io

n 
m

ax
im

um
, A

X-
C

PT
 A

X
 c

on
tin

uo
us

 p
er

fo
rm

an
ce

 ta
sk

, B
M

IS
 B

rie
f M

oo
d 

In
tro

sp
ec

tio
n 

Sc
al

e,
 b

pm
 b

ea
ts

 p
er

 m
in

ut
e,

 B
RU

M
S 

B
ru

ne
l M

oo
d 

Sc
al

e,
 C

PT
 c

on
tin

uo
us

 p
er

fo
r-

m
an

ce
 ta

sk
, D

C
SG

 D
ist

an
ce

 o
f t

he
 C

en
te

r o
f t

he
 S

ho
t G

ro
up

, k
m

 k
ilo

m
et

er
s, 

M
F 

M
en

ta
l F

at
ig

ue
, M

F-
VA

S 
M

en
ta

l F
at

ig
ue

 V
is

ua
l A

na
lo

gu
e 

Sc
al

e,
 M

VC
 m

ax
im

al
 v

ol
un

ta
ry

 c
on

tra
ct

io
n,

 M
VP

A 
m

od
er

at
e 

to
 v

ig
or

ou
s 

ph
ys

ic
al

 a
ct

iv
ity

, P
AN

AS
 p

os
iti

ve
 a

nd
 n

eg
at

iv
e 

aff
ec

t s
ch

ed
ul

e,
 P

O
M

S 
pr

ofi
le

 o
f 

m
oo

d 
st

at
es

, R
PE

 ra
tin

g 
of

 p
er

ce
iv

ed
 e

xe
rti

on
, r

pm
 re

vo
lu

tio
ns

 p
er

 m
in

ut
e,

 S
AR

T​ 
su

s-
ta

in
ed

 a
tte

nt
io

n 
to

 re
sp

on
se

 ta
sk

, S
D

 st
an

da
rd

 d
ev

ia
tio

n,
 S

G
P 

sh
ot

 g
ro

up
 p

re
ci

si
on

, V
O

2 m
ax

im
al

 o
xy

ge
n 

up
ta

ke
, W

 w
at

ts
a  In

su
ffi

ci
en

t d
at

a 
to

 in
cl

ud
e 

in
 m

et
a-

an
al

ys
is

. A
rr

ow
s 

in
di

ca
te

 d
ire

ct
io

n 
of

 e
ffe

ct
 fo

llo
w

in
g 

co
gn

iti
ve

 e
xe

rti
on

 c
on

di
tio

n 
in

 c
om

pa
ris

on
 to

 c
on

tro
l c

on
di

tio
n;

 =
 in

di
ca

te
s 

no
 s

ig
ni

fic
an

t d
iff

er
en

ce
 

be
tw

ee
n 

co
nd

iti
on

s



521Effects of Prior Cognitive Exertion on Physical Performance

3.6.5 � Physical Performance Indices

Negative carryover effects associated with prior cognitive 
exertion were significantly different depending on the physi-
cal task requirements, Q(5) = 36.29, p < 0.001. The largest 
significant negative effects were those of prior cognitive 
exertion on isometric resistance, motor and dynamic resist-
ance performance. A smaller significant negative effect was 
found for aerobic exercise performance and tasks involving 
multiple indices of physical performance, whereas a null 
effect was observed for the two comparisons that examined 
maximal anaerobic performance.

3.6.6 � Physical Performance Indices by Duration 
of Cognitive Manipulation

The results showed significant variation between the effect 
sizes for the different physical performance indices when 
considering the duration of the cognitive manipulation, 
Q(10) = 43.06, p < 0.001. Specifically, following exposure 
to cognitive manipulations < 30 min, the largest significant 
negative effects were observed for isometric resistance, 
dynamic resistance, and motor performance tasks, whereas 
a smaller significant negative effect was found for aerobic 
performance. A null effect was observed for the two studies 

Table 2   Effect sizes

Q (df) I2 T2 n ES Hedges’ g [95% CI] SE Z p

Overall 469.48 (90) 80.83 0.78 91 − 0.38 [− 0.46, − 0.31] 0.04 − 10.44 < 0.001
Moderators
Study design
Within-subject 303.57 (51) 83.20 0.05 52 − 0.28 [− 0.36, − 0.21] 0.04 − 7.41 < 0.001
Between-subjects 110.53 (38) 65.62 0.22 39 − 0.65 [− 0.84, − 0.47] 0.09 − 6.92 < 0.001
Publication status
Published 422.99 (78) 81.56 0.08 79 − 0.42 [− 0.50, − 0.34] 0.04 − 9.97 < 0.001
Unpublished 37.32 (11) 70.53 0.03 12 − 0.20 [− 0.33, − 0.07] 0.07 − 2.92  0.003
Duration of cognitive manipulation
< 30 min 301.46 (58) 80.76 0.08 59 − 0.45 [− 0.55, − 0.35] 0.05 − 8.82 < 0.001
≥ 30 min 167.71 (31) 81.52 0.06 32 − 0.30 [− 0.41, − 0.20] 0.06 − 5.52 < 0.001
Physical performance indices
Aerobic 188.39 (31) 83.55 0.04 32 − 0.26 [− 0.34, − 0.18] 0.04 − 5.99 < 0.001
Isometric resistance 188.93 (36) 80.95 0.21 37 − 0.57 [− 0.75, − 0.39] 0.09 − 6.10 < 0.001
Dynamic resistance 13.77 (5) 63.68 0.07 6 − 0.51 [− 0.77, − 0.24] 0.13 − 3.78 < 0.001
Motor 18.55 (9) 51.49 0.10 10 − 0.57 [− 0.85, − 0.30] 0.14 − 4.06 < 0.001
Maximal anaerobic 0.60 (1) 0.00 0.00 2 0.10 [− 0.07, 0.26] 0.09 1.11 0.27
Multiple indices of physical performance 3.50 (3) 14.35 0.01 4 − 0.27 [− 0.48, − 0.06] 0.11 − 2.50 0.01
Physical performance indices for cognitive manipulations < 30 min
Aerobic 47.62 (12) 74.80 0.02 13 − 0.17 [− 0.27, − 0.07] 0.05 − 3.36 0.001
Isometric resistance 177.80 (34) 80.88 0.21 35 − 0.60 [− 0.79, − 0.41] 0.10 − 6.22 < 0.001
Dynamic resistance 13.61 (4) 70.61 0.09 5 − 0.56 [− 0.87, − 0.24] 0.16 − 3.48 < 0.001
Motor 14.79 (5) 66.20 0.18 6 − 0.61 [− 1.03, − 0.18] 0.22 − 2.81 0.005
Maximal anaerobic N/A N/A N/A N/A N/A N/A N/A N/A
Multiple indices of physical performance 0.04 (1) 0.00 0.00 2 − 0.31 [− 0.68, 0.06] 0.19 − 1.66 0.10
Physical performance indices for cognitive manipulations > 30 min
Aerobic 132.92 (18) 86.46 0.07 19 − 0.35 [− 0.49, − 0.21] 0.07 − 4.92 < 0.001
Isometric resistance 7.94 (1) 87.41 0.31 2 − 0.11 [− 0.94, 0.71] 0.42 − 0.27 0.79
Dynamic resistance N/A N/A N/A 1 − 0.29 [− 0.75, 0.17] 0.23 − 1.24 0.22
Motor 3.71 (3) 19.21 0.02 4 − 0.50 [− 0.84, − 0.17] 0.17 − 2.96 0.003
Maximal anaerobic 0.60 (1) 0.00 0.00 2 0.10 [− 0.07, 0.26] 0.09 1.11 0.27
Multiple indices of physical performance 3.29 (1) 69.62 0.15 2 − 0.42 [− 1.05, 0.21] 0.32 − 1.30 0.19
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with cognitive manipulations lasting < 30 min that involved 
multiple indices of physical performance. There were no 
studies with cognitive manipulations lasting < 30 min that 
examined maximal anaerobic performance.3 For cogni-
tive manipulations lasting ≥ 30 min, significant negative 
effects were observed for aerobic and motor performance, 
whereas null effects were observed for isometric resist-
ance, dynamic resistance, maximal anaerobic performance 
and studies that involved multiple indices of physical 
performance.

4 � Discussion

The purpose of the present work was to conduct a systematic 
review and meta-analysis of studies investigating the effect 
of prior cognitive exertion on physical performance and to 
examine moderators of this relationship. Results of the main 
analysis showed that exposure to a task requiring cognitive 
exertion has a significant, small-to-medium sized negative 
effect on subsequent physical performance (g = − 0.38) and 
significant heterogeneity in the data. Several subgroup/mod-
erator analyses also showed significant effects. Study design 
type revealed a medium-sized negative effect for between-
group designs (g = − 0.65), whereas a small negative effect 
size was found for within-subject designs (g = − 0.28). For 
publication status, larger negative effects were observed 
for published studies (g = − 0.42) compared to unpub-
lished research (g = − 0.20). Type of physical performance 
task was also a moderator, with prior cognitive exertion 
having significant negative effects on motor performance 
(g = − 0.57) and tasks requiring prolonged effort regulation 
(i.e., aerobic [g = − 0.26], isometric resistance [g = − 0.57], 
dynamic resistance performance [g = − 0.51]), whereas tasks 
requiring maximal anaerobic performance showed trivial 
effects that were not significant. Findings revealed similar 
small-to-medium negative carryover effects for cognitive 
tasks < 30 min (g = − 0.45) as well as those lasting ≥ 30 min 
(g = − 0.30). Together, the results provide a comprehensive 
description of the state of the literature investigating the 
relationship between prior cognitive exertion and physical 
performance as of September, 2018. Importantly, the results 
indicate conclusions proposed by McMorris and colleagues 
[5] based on the results of their meta-analysis underesti-
mated the overall effect.

Conducting a comprehensive meta-analysis of the lit-
erature examining the relationship between prior cognitive 
exertion and physical performance revealed a significant 

small-to-medium sized negative effect when all types of 
physical performance tasks, study designs, and experimen-
tal manipulation durations were considered. In contrast 
to the conclusions offered by McMorris et al. [5], hetero-
geneity tests in the current meta-analysis suggest that the 
overall effect is not due to random error and is relatively 
stable as per results of a sensitivity analysis. The results 
of Rosenthal’s [69] fail-safe N test further suggest that the 
current findings are not due to chance, as nearly 8500 null 
findings would be needed to observe a non-significant effect.

Our inclusion of a large sample of comparisons pro-
vided greater power to interpret heterogeneity tests (i.e., 
Cochrane’s Q, tau-squared), which may otherwise be 
skewed by smaller samples [67, 71] as in the meta-analysis 
by McMorris et al. [5]. In a published critique of McMorris 
et al.’s meta-analysis [5], Magariño and Madhivanan [72] 
expressed concerns regarding the comprehensiveness, repli-
cability, and rationale for the exclusion criteria. For instance, 
those authors attempted to replicate McMorris et al.’s [5] 
search protocol within PubMed (one of the two databases 
explored for the meta-analysis) using the keywords reported 
in the paper. Results of that search identified over 14,000 
citations compared to the 93 reported by McMorris et al. [5]. 
In response to the criticisms raised by Magariño and Madhi-
vanan [72], McMorris et al. [73] revealed that, contrary to 
what was reported in the published paper, their actual search 
had left out the term “physical” and included only the fol-
lowing search term combinations: “cognitive AND fatigue 
AND subsequent AND performance” and “cognitive AND 
fatigue AND subsequent AND exercise.” Therefore, not 
including the keyword “physical” as outlined in their meth-
odology appears to have limited the thoroughness of their 
literature search. In the present review, we have shown that 
using a greater sample of studies reduced potential selection 
bias, which may have affected the results of previous reviews 
and meta-analyses in the area.

Recent reviews have suggested that cognitive manipu-
lations need to be ≥ 30 min in duration to induce mental 
fatigue and, in turn, impair physical performance. However, 
as we argued above, there does not appear to be any sound 
theorizing or empirical evidence upon which to base this 
assertion. In fact, the present findings revealed similar small-
to-medium sized negative carryover effects on physical per-
formance for cognitive task manipulations lasting < 30 min 
as well as those ≥ 30 min. To more fully explore this issue, 
we conducted a post-hoc meta-regression of the relationship 
between cognitive task duration and physical performance. 
The results showed no evidence of a linear dose–response 
relationship (β = 0.00 ± 0.00, p = 0.18). Closer examination 
of the literature reveals that negative carryover effects occur 
following manipulations lasting as little as 3–5 min [22, 74, 
75]. Other evidence suggests that a threshold effect may 
exist, whereby negative carryover effects may not reliably 

3  Bray et  al. [22] examined maximal anaerobic performance 
(d = 0.05) and isometric performance (d = 0.50) and was, therefore 
classified as multiple indices of physical performance.
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occur following cognitive manipulations lasting 4 min or 
less, but are evident following manipulations that are 6 min 
in duration or longer [26]. Studies have also shown that neg-
ative carryover effects observed following brief cognitive 
manipulations tend to dissipate after extended periods of 
cognitive exertion (Boat and Taylor [48]; Wolff et al. [76]), 
which suggests that a potential curvilinear relationship may 
exist. In sum, there appears to be no simple time-based gra-
dient that alters the magnitude of the negative effect of prior 
cognitive exertion on physical performance. However, future 
work should investigate whether an effort- or fatigue-based 
gradient or curvilinear relationship exists.

Another important discovery revealed by our subgroup 
analyses of moderating factors was that studies employ-
ing between-group designs show a twofold larger effect 
(g = − 0.65) compared to within-subject designs (g = − 0.28) 
and, notably, the average effect size observed in our anal-
ysis of within-subject designs was nearly identical to the 
g = − 0.26 effect size reported by McMorris et al. [5]. It is 
important to recognize that seven of the ten largest effect 
sizes were found in studies using between-group designs. Of 
these seven studies, four quantified ego-depletion effects by 
measuring the amount of time a participant could squeeze 
an object (e.g., sponge, coin, wad of paper) between the 
two handles of a spring-loaded handgrip exercise device 
following an initial task requiring cognitive exertion [47, 
52, 75, 77]. This method of measurement lacks precision as 
grip force requirements are not calibrated to individual grip 
strength and small adjustments of the hand may have caused 
objects to prematurely fall out from between the handgrip 
handles, signalling completion of the trial and potentially 
biasing the effect sizes observed. Researchers have since 
adopted more sophisticated procedures such as using a com-
puter monitor to display a static line with an individualized 
target force level (e.g., 50% of participant’s maximum vol-
untary contraction) alongside real-time feedback showing a 
tracing of the participant’s force generation [26, 78]. Doing 
so allows for minor corrective adjustments when the force 
falls below the target level for brief intervals (e.g., < 2 s), 
only to be stopped when the force falls below the target level 
for a specified duration. Thus, ego-depletion studies using 
somewhat primitive methodology to determine the depend-
ent measures may have inflated the average between-group 
study effect size.

Subgroup analysis of publication status also revealed a 
significant difference between published and unpublished 
research. This finding is indicative of publication bias in the 
sample of studies included in the analyses, with the majority 
of the unpublished studies showing small, non-significant 
effects. However, the greater power of meta-analysis also 
provides evidence that the negative effect observed in unpub-
lished studies is not due to chance. It is interesting to note 
that very few unpublished studies were discovered through 

our efforts to contact authors of published literature and, of 
these studies, many were in various stages of preparation for 
publication. The small number of the unpublished experi-
ments included in the present analysis is interesting in light 
of recent findings by Wolff et al. [79], which showed that 
researchers working in the broader ego-depletion research 
field have reported completing nearly as many studies which 
had not been published (M = 2.68 ± 4.13) as those that had 
been published (M = 3.40 ± 7.48). While ego-depletion 
researchers in sport science represented only a small per-
centage (5.1%) of Wolff et al.’s [79] sample, it is possible 
that journals in this area are more receptive to publishing 
studies with null findings. Moving forward, researchers of 
the mental fatigue/ego depletion—physical performance 
relationship are encouraged to invest effort in publishing 
studies with non-significant effects, as sharing the results 
of such studies will help direct research efforts to detect 
and better understand moderators or boundary conditions 
of the effect.

Building on previous work of Pageaux and Lepers [3], 
subgroup analysis was conducted to quantify the magni-
tude and direction of relationship between prior cognitive 
exertion and different types of physical performance tasks. 
Results of that analysis suggest that tasks requiring precision 
(i.e., motor skills) or sustained regulation of effort (i.e., aero-
bic, dynamic resistance, isometric resistance performance) 
are most sensitive to negative effects induced by prior cogni-
tive exertion, whereas performance of tasks requiring maxi-
mal anaerobic performance such as a vertical jump, may be 
more resilient. Further decomposing these results to examine 
the influence of cognitive manipulation duration revealed 
similar significant negative effect sizes for manipulations 
lasting ≥ 30 min or < 30 min for motor and aerobic perfor-
mance. The results for isometric and dynamic resistance per-
formance revealed significant medium-sized negative effects 
following cognitive manipulations lasting < 30 min, whereas 
non-significant effects were observed for cognitive manipu-
lations lasting ≥ 30 min. However, these findings should be 
interpreted with caution, as very few studies investigated iso-
metric or dynamic resistance performance following expo-
sure to cognitive manipulations lasting ≥ 30 min. Overall, 
our findings align with Pageaux and Lepers’ [3] conclusions 
from their review of 29 studies which found performance of 
motor skills and tasks requiring endurance at submaximal 
intensities were impaired by mental fatigue, whereas tasks 
involving maximal anaerobic performance were unaffected.

Pageaux and Lepers [3] noted that their findings are 
consistent with the psychobiological model of endurance 
performance, which recognizes intensified perceptions of 
effort stemming from mental fatigue as a key intermediary 
variable that influences the prior cognitive exertion–physi-
cal performance relationship [80–83]. Pageaux et al. [19] 
have built upon the original psychobiological model [82] 
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by proposing a potential physiological explanation why 
prior cognitive exertion negatively affects tasks involving 
prolonged effortful regulation, but not brief maximal effort 
tasks. They suggest that performing a demanding cognitive 
task leads to an accumulation of extracellular adenosine 
within the anterior cingulate cortex (ACC), which exacer-
bates perceptions of effort. For tasks requiring brief maxi-
mal anaerobic performance, conscious regulation of “all-
out” effort does not require pacing, which allows individuals 
to endure perceptions of effort that are extremely high for 
very brief durations. On the contrary, for tasks requiring 
submaximal effort regulation over longer periods of time, 
intensified perceptions of effort are experienced while peo-
ple are performing the task and can have negative effects on 
performance in two ways. That is, for fixed-demand tasks 
(e.g., sustaining constant force production of a percentage 
of one’s maximum), people reach their limit of tolerable 
perceived exertion sooner, causing them to quit earlier than 
they would if they were not fatigued; for variable-demand 
tasks (e.g., adjusting workload to maintain a tolerable level 
of perceived exertion), people decrease the load to levels 
below that at which they would typically experience the 
same level of exertion in a non-fatigued state. Thus, for 
research investigating submaximal effort tasks, the interac-
tion between perceived exertion and performance should be 
an important consideration informing researchers’ choices 
of physical performance measures and study design.

Although there has been little theorizing about why motor 
performance is negatively affected following cognitive exer-
tion, it is plausible that regulation of attentional effort plays 
an important role in the planning and successful execution 
of motor tasks. Common underlying pathways responsible 
for regulation of physical and attentional effort may exist; 
however, research is only just beginning to identify simi-
larities across different domains (cf. Müller and Apps [84]).

Martin and colleagues [85] have since extended Pageaux 
et al.’s [19] model by adding a second pathway suggest-
ing that accumulation of adenosine also leads to inhibition 
of dopamine release within the ACC and in turn reduces 
motivation to exert further effort. This psychophysiologi-
cal line of theorizing merges central concepts from the two 
most prominent perspectives from the self-control litera-
ture that have been brought forth to explain ego depletion: 
resource- and motivation-based models. For instance, the 
strength model proposes that self-control is dependent on 
a central resource, which is depleted with effortful regula-
tion, curtailing people’s future ability to successfully enact 
self-control [9, 14]. On the other hand, the process/motiva-
tion model suggests that prior exertion of self-control leads 
to down-regulated effort investment in the task at hand or 
redirection of effort to more rewarding pursuits [86, 87]. 
From this standpoint, Martin et al.’s [85] psychophysiologi-
cal explanation may be an appropriate model to interpret 

findings from the broader ego-depletion literature as well; 
however, this model has not been directly tested in humans 
and is largely based on animal research showing adenosine 
administration reduces effortful behavior [88–90] and aden-
osine accumulates with time spent awake [91]. While it is 
evident that cognitive exertion has detrimental effects on 
effort regulation, the neurophysiological pathways by which 
this phenomenon occurs in humans are currently unknown. 
Moving forward, research using human and animal mod-
els to investigate whether administering graded doses of 
adenosine elicits proportional effects on effortful behavior 
could provide insight into a complex cascade of biological 
processes mediating the cognitive exertion–physical perfor-
mance relationship.

Although explanatory mechanisms in the mental fatigue 
literature have focused on putative neurophysiological path-
ways, there are a number of potential intermediary mecha-
nisms that have been investigated objectively in both the 
self-control and fatigue literatures in relation to tasks not 
involving physical activity. For example, neuroimaging 
studies have shown that declines in performance of tasks 
requiring effort regulation are associated with alterations in 
activation patterns in brain areas responsible for effort regu-
lation such as the ACC, anterior insula and prefrontal cortex 
[84, 92]. Specific to the prior cognitive exertion–physical 
performance relationship, evidence has shown that cognitive 
exertion causes alterations in brain activation patterns which 
are sustained during exercise performance and associated 
with a 2% performance decline [93].

Research employing objective neurophysiological meas-
urements should be considered the next frontier in studies 
examining the relationship between prior cognitive exertion 
and physical performance as previous studies have primar-
ily measured subjective perceptions prior to engaging in 
the physical task. Results have shown that cognitive exer-
tion is associated with greater mental demand [59, 74, 94] 
and perceptions of fatigue [44, 45, 95] as well as reduced 
task self-efficacy [26, 58, 78], affective valence [6, 26] and 
intended physical exertion [27, 31, 96]. However, few studies 
have used statistical analysis techniques to test mediational 
pathways through which cognitive exertion affects physical 
performance [26, 58]. To better understand why and when 
cognitive exertion affects physical performance, researchers 
need to include sample sizes with adequate power to test 
mediational pathways. Freely accessible software such as 
PROCESS [97] and MEMORE [98] macros are available 
to do so.

4.1 � Limitations

The current systematic review and meta-analysis provides 
the most comprehensive assessment of the prior cognitive 
exertion–physical performance literature to date. However, 
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there are a number of limitations that must be considered. 
First, in the body of literature examined, risk of bias assess-
ments failed to identify any study as low risk and only 10 
studies were considered of some concern. Performance bias 
and detection bias are two of the primary factors contribut-
ing to studies being classified as high risk of bias. One way 
to improve upon current methodologies would be to employ 
double-blinding procedures. Having one experimenter 
deliver the cognitive manipulations and another administer 
the physical task will help to control any language and/or 
behavior that may affect the participant’s cognitions and/
or behavior. Second, in order to examine the overall effect 
of cognitive exertion on subsequent physical performance, 
studies involving multiple effect sizes derived from differ-
ent physical tasks [22, 24, 65, 66] were combined to cre-
ate a composite effect to avoid a unit-of-analysis error (i.e., 
double counting of participants). This procedure limited our 
ability to include the individual effect sizes that make up 
these composite effect sizes within the subgroup analysis of 
physical performance task type. Doing so would not have 
not caused major changes in the aerobic, isometric or motor 
performance effect sizes, although the significant decline 
(d = − 0.51) in sprint performance found by Veness et al. 
[65] may have altered our conclusions regarding maximal 
anaerobic performance, which were based on only two 
comparisons, one of which involved a composite effect size 
across three maximal anaerobic tasks [61].

Another limitation is a lack of including a subgroup 
analysis examining participant characteristics. While it 
would have been interesting to discern whether trained 
samples’ performance is less susceptible to the effects of 
cognitive exertion than untrained samples’ performance as 
shown in a small number of studies [49, 50], inconsistent 
reporting of participant characteristics limited examina-
tion of this potential moderator. Future work investigat-
ing whether trained samples have higher resilience to the 
effects of cognitive exertion through learned techniques 
such as self-talk [99] and attentional focus would be a 
worthwhile avenue to pursue. Lastly, our meta-analysis 
focused on the direct relationship between prior cognitive 
exertion and physical performance. One shortcoming of 
this approach is that we did not account for changes in 
perceptions of physical exertion, a variable that has been 
hypothesized to indirectly affect the prior cognitive exer-
tion–physical performance relationship [19, 85]. In studies 
demonstrating a null effect, this approach fails to consider 
that it may have felt more effortful to achieve equivalent 
task performance. Considering no studies have tested this 
theory using appropriate mediation analysis techniques, 
future research has the potential to provide critical insight 
to inform theory in this area (e.g., psychobiological model).

5 � Conclusion

In conclusion, findings from 91 comparisons involving 
over 2500 participants showed a significant small-to-
medium negative effect of prior cognitive exertion on 
physical performance that is stable and not attributable 
to random error. Subgroup analyses suggest that physi-
cal tasks involving prolonged effort regulation or motor 
skills are impaired, whereas findings for tasks involving 
maximal anaerobic performance are unclear. Cognitive 
effort may be more important than the duration of the 
task with regard to eliciting negative carryover effects. 
Future studies are required to better understand interme-
diary pathways by which psychological and physiologi-
cal factors influence the prior cognitive exertion–physical 
performance relationship.
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