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Abstract
Background The fatigue of a muscle or muscle group can produce global responses to a variety of systems (i.e., cardiovascu-
lar, endocrine, and others). There are also reported strength and endurance impairments of non-exercised muscles following 
the fatigue of another muscle; however, the literature is inconsistent.
Objective To examine whether non-local muscle fatigue (NLMF) occurs following the performance of a fatiguing bout of 
exercise of a different muscle(s).
Design Systematic review and meta-analysis.
Search and Inclusion A systematic literature search using a Boolean search strategy was conducted with PubMed, SPORT-
Discus, Web of Science, and Google Scholar in April 2020, and was supplemented with additional ‘snowballing’ searches up 
to September 2020. To be included in our analysis, studies had to include at least one intentional performance measure (i.e., 
strength, endurance, or power), which if reduced could be considered evidence of muscle fatigue, and also had to include 
the implementation of a fatiguing protocol to a location (i.e., limb or limbs) that differed to those for which performance 
was measured. We excluded studies that measured only mechanistic variables such as electromyographic activity, or spinal/
supraspinal excitability. After search and screening, 52 studies were eligible for inclusion including 57 groups of participants 
(median sample = 11) and a total of 303 participants.
Results The main multilevel meta-analysis model including all effects sizes (278 across 50 clusters [median = 4, range = 1 to 
18 effects per cluster) revealed a trivial point estimate with high precision for the interval estimate [− 0.02 (95% CIs = − 0.14 
to 0.09)], yet with substantial heterogeneity (Q(277) = 642.3, p < 0.01), I2 = 67.4%). Subgroup and meta-regression analyses 
showed that NLMF effects were not moderated by study design (between vs. within-participant), homologous vs. heterolo-
gous effects, upper or lower body effects, participant training status, sex, age, the time of post-fatigue protocol measurement, 
or the severity of the fatigue protocol. However, there did appear to be an effect of type of outcome measure where both 
strength [0.11 (95% CIs = 0.01–0.21)] and power outcomes had trivial effects [− 0.01 (95% CIs = − 0.24 to 0.22)], whereas 
endurance outcomes showed moderate albeit imprecise effects [− 0.54 (95% CIs = − 0.95 to − 0.14)].
Conclusions Overall, the findings do not support the existence of a general NLMF effect; however, when examining specific 
types of performance outcomes, there may be an effect specifically upon endurance-based outcomes (i.e., time to task failure). 
However, there are relatively fewer studies that have examined endurance effects or mechanisms explaining this possible 
effect, in addition to fewer studies including women or younger and older participants, and considering causal effects of prior 
training history through the use of longitudinal intervention study designs. Thus, it seems pertinent that future research on 
NLMF effects should be redirected towards these still relatively unexplored areas.
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Key Points 
cross-over fatigue primarily examined contralateral homol-
ogous muscles, it has been argued that global mechanism 
effects upon fatigue are unlikely to be limited to just con-
tralateral homologous muscles [11–15]. Hence, investiga-
tors began to examine heterologous muscles, incorporating 
the broader term of ‘non-local’ muscle fatigue (NLMF) to 
indicate a temporary deficit in performance of non-exercised 
homologous and/or heterologous muscle groups that could 
be located contralaterally or ipsilaterally, as well as inferi-
orly or superiorly, to the fatigued muscle groups [7, 14–17].

Halperin et al. [7] most recently reviewed this area and 
identified several trends and inconsistencies in the NLMF 
literature. In particular, a few NLMF studies investigated 
heterologous muscles preventing strong comparisons of 
the responses of homologous and heterologous muscles. 
A comparison of homologous and heterologous muscle 
responses could provide insights into the interconnectiv-
ity of the neuromuscular sensory and motor systems and 
further mechanisms underlying NLMF. Some of the con-
clusions Halperin et al. [7] drew in their review included: 
(1) NLMF effects were more predominant when the lower 
body (primarily the quadriceps) rather than the upper body 
was tested, (2) NLMF effects appeared greater when perfor-
mance was examined in prolonged continuous and intermit-
tent muscle action tasks (i.e., endurance) compared to single, 
short-duration (i.e., 3–5 s) maximal voluntary contractions 
(MVC; i.e., muscle strength or power), and (3) sex and train-
ing background of the participants could also influence the 
responses. Within the last 5 years since the Halperin et al.’s 
[7] review, there have been more than 20 articles published 
and thus an updated review would help better understand 
this area. Furthermore, except for Miller et al. [18], who only 
focused on a small number of studies (k = 6) on heterolo-
gous effects, no prior reviews have conducted a quantitative 
synthesis using meta-analysis to examine the existence and 
overall magnitude of overall NLMF effects, nor the mod-
erating effects of the variables previously noted as impact-
ing it. Thus, the objective of this systematic review with 
meta-analysis was to explore NLMF effects through studies 
examining non-local performance outcomes (including mus-
cular strength, endurance, and power measures) in response 
to fatiguing protocols, as well as to investigate moderating 
variables; namely, homologous vs. heterologous and upper 
vs. lower body non-exercised tested muscles, participant 
training status, sex, and age, in addition to aspects of the 
study designs (between vs. within participant)1 and methods 
employed (time of post-fatigue protocol that performance 

1 Within-participant designs are typically more statistically powerful 
(see [19]).

Following a fatiguing intervention of one muscle (or 
muscle group), previously non-exercised muscles do not 
typically appear to exhibit a general non-local muscle 
fatigue (NLMF) effect for muscle strength and power-
based performance outcomes.

There is evidence of NLMF for muscle endurance-based 
outcomes, although there are fewer studies and the pos-
sible mechanisms are unclear.

General NLMF effects were absent and not moder-
ated by study design (between vs. within-participant), 
homologous vs. heterologous effects, upper or lower 
body, participant training status, sex, the time of post-
fatigue protocol measurement, or the severity of the 
fatigue protocol.

1 Introduction

From the inception of the Harvard Fatigue laboratory in 
1927 to the present period, muscle fatigue has had a long 
history of experimental research [1]. Talbott [2] initially 
characterised two types of fatigue: ‘physical’ fatigue due to 
physical tasks and ‘functional’ fatigue due to mental tasks. 
For approximately 90 years, fatigue-related research has 
investigated the transient decrease in the exercised muscles’ 
capacity to produce force or power [3]. The mechanisms 
underlying reductions in muscular capacity to meet task 
demands have been broadly divided into peripheral (distal 
to the spinal motor neuron) and central (spinal and supraspi-
nal structures) or neural factors [3–5]. However, it should be 
noted that fatigue (similarly to task demands, or relatedly, 
effort) not only includes an actual reduction of capacity but 
also a perceptual component; a perception of fatigue [6].

Typically, an exercised muscle when subsequently exam-
ined shows evidence of fatigue (i.e., a reduction in capacity, 
often operationalised through measurements of maximal 
voluntary force). However, it has been shown that force and 
neuromuscular activation deficits may be incurred in a non-
exercised muscle following fatigue of a contralateral muscle. 
This has been interpreted as strong evidence of a central neu-
ral impact upon fatigue, although other global factors such 
as metabolite dispersion and psychological factors are also 
thought to contribute [7]. At the start of the new millennium, 
researchers began to investigate ‘crossover’ fatigue, defined 
as changes in the performance output of a contralateral 
muscle following unilateral muscle fatigue [8–10]. While 
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measurements were taken, and the severity of the fatigue 
protocol used).2

2  Methods

2.1  Search Strategy

A literature search following PRISMA-P review guidelines 
was performed by six of the co-authors separately and inde-
pendently using PubMed, SPORTDiscus, Web of Science, 
and Google Scholar databases. The topic was systematically 
searched in April 2020 using a Boolean search strategy with 
the operator “AND” and a combination of the following title 
keywords: crossover, cross-over, non-local, nonlocal, con-
tralateral, ipsilateral, homologous, heterologous, and fatigue. 
Based on our knowledge of the area, we also contributed 
additional studies which we had knowledge of but were not 
picked up in systematic searches; furthermore, we conducted 
searches of our personal computer databases for related arti-
cles, and conducted additional ‘snowballing’ searches [20] 
throughout the process of conducting the review and analy-
sis, which located some newer studies not available when we 
conducted the initial systematic search. The search ended 
in September 2020. The search strategy aimed to locate all 
relevant articles that had examined NLMF whether as a pri-
mary, or secondary, aim of the study. For the sake of brevity, 
muscular strength, power, and endurance will generally be 
referred to without the descriptor “muscular” throughout the 
manuscript, and refers to where the output was measured.

2.2  Inclusion and Exclusion Criteria (Study 
Selection)

We followed PICOS (Population, Intervention, Comparison, 
Outcome, Study Design) for selecting studies for inclusion. 
We included studies in any healthy (i.e., non-clinical) popu-
lation without age limits and including both recreationally 
active or trained participants (including athletes). Studies 
also had to include the implementation of an intervention 
involving a fatiguing protocol to a location (i.e., limb or 
limbs) that differed from those for which performance was 
measured. The comparison conditions included either pre- 
and post-, or just post-fatiguing protocol from non-fatiguing 
protocol control conditions, or just pre-fatiguing protocols 
for studies without control conditions.

To be included in our analysis, studies had to have 
included at least one intentional performance measure 
as an outcome (i.e., a measure of strength, endurance, or 
‘power’3), and if the outcome was reduced, it could be con-
sidered as evidence of muscle fatigue. This included meas-
ures indicative of a voluntary reduction in the ability of a 
muscle to produce force or power [e.g., an MVC, or counter-
movement jump (CMJ); [3]]; however, studies that examined 
time to task failure (TTF) exercises at a constant level (e.g., 
cycling with a given resistance, or repetitions in an exercise 
performed with a given load) or a fatigue index were also 
included. Both between and within-participant study designs 
were included. We excluded studies that measured only 
mechanistic variables such as electromyographic activity, 
or spinal/supraspinal excitability. Furthermore, we excluded 
studies where we were unable to obtain absolute scores 
for performance measures either as summary statistics or 
raw data (i.e., those reporting relative fatigue; see below). 
Related articles were included up to September 2020. To 
limit potential publication bias effects, we did not limit our-
selves to only including peer review articles and, where they 
were identified and it was possible to either extract data or 
contact the authors to gain access to data, we also included 
studies presented as part of conference proceedings and 
unpublished studies (e.g., pre-prints and MSc/Ph.D. theses).

2.3  Data Extraction

A data extraction table was prepared to map: (a) author and 
year of publication; (b) study design (within or between 
participant); (c) sample mean age; (d) percentage of males 
in sample; (e) whether participants were trained or just 
healthy/recreationally active; (f) whether homologous or 
heterologous effects were examined; (g) which muscle/
muscle groups were subject to the fatiguing protocol; (h) 
which limbs were subjected to the fatiguing protocols (e.g., 
dominant/non-dominant, bilateral); (i) characteristics of 
the fatiguing protocol [i.e., the relative (i.e., 0–100% of 
max) and/or absolute loads, the time under loading, the 
number of sets/bouts performed]; (j) whether the fatigu-
ing task involved maximum effort (i.e., MVC or resulted in 
task failure); (k) which muscle/muscle groups were tested 

2 It seemed reasonable to think that performance measurements 
taken soon after a non-local fatiguing protocol would exhibit greater 
deficits, and similarly that more severe fatigue protocols would elicit 
greater deficits.

3 The term ‘power’ is commonly misused in sport, exercise, and 
physical activity literature considering its specific definition in New-
tonian mechanics; instead, it would be more accurate to speak of 
the ability to generate impulse in most applications where it is used 
(see [21]). Indeed, power is defined as the rate of performing work. 
However, with respect to muscular performance, ‘power’ is often 
thought of as the product of force and velocity which as Winter et al. 
[21] note in fact refers to the impulse as derived from the impulse–
momentum relationship. However, given its wide colloquial use to 
refer to such applications, we continue to use the term ‘power’ here 
for ease of communication given the primary intention of this article 
is not to debate terminology.
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after the fatiguing protocol; (l) the outcome measure used 
to measure performance; (m) the time after the fatiguing 
protocol that the measurement was taken; (n) the means and 
standard deviations for outcome measures including both 
control and fatigue conditions (either pre- and post-, or just 
post-fatiguing protocol), or pre- and post-fatiguing proto-
cols for studies without control conditions; and (o) sample 
sizes. Of note, we included data for all performance out-
comes reported in studies and for all time points for which 
they were measured; thus, if a study reported multiple per-
formance measures, these were all included, and if a study 
reported measures taken more than once post-fatiguing 
protocol these were all included (the dependency between 
effect sizes was handled using a multi-level robust vari-
ance estimation approach–see Sect. 2.4). Some studies only 
reported relative outcomes (i.e., performance as a percentage 
normalised to a pre-fatiguing protocol measurement), and 
furthermore, some studies only reported data graphically, 
did not report outcomes in a manner conducive to extraction 
for our analysis, or despite investigating NLMF effects did 
not report outcomes relevant for our analysis as they were 
secondary in those studies. In all of these cases, authors 
were contacted for either appropriate summary statistics or 
raw data for absolute measures of performance (if collected) 
to facilitate inclusion in our analysis. Some authors were 
unable to share data due to no longer having access to it. We 
followed up with authors a maximum of twice if we received 
no response. For those studies reporting only graphical data 
and that we did not receive responses for, WebPlotDigitizer 
(v4.3, Ankit Rohatgi; https:// apps. autom eris. io/ wpd/) was 
used to extract data for inclusion in our analysis.

2.4  Synthesis and Analysis

The meta-analysis was performed using the ‘metafor’ [22] 
package in R (v 4.0.2; R Core Team, https:// www.r- proje ct. 
org/). All analysis code utilised is presented in the supple-
mentary materials (https:// osf. io/ 6x4ct/).

Studies were grouped by their design for appropriate calcu-
lation of standardised effects sizes using the ‘escalc’ function 
in ‘metafor’ (see analysis code). The magnitude of standard-
ised effect sizes was interpreted with reference to Cohen’s [23] 
thresholds: trivial (< 0.2), small (0.2 to < 0.5), moderate (0.5 
to < 0.8), and large (≥ 0.8). Standardised effects were calcu-
lated in such a manner that negative effect size values indi-
cated the presence of fatigue (i.e., a drop in the performance 
measure post-fatiguing protocol), whereas positive effect size 
values indicated an improvement in performance.

Because of the nested structure of the effect sizes calcu-
lated from the studies included (i.e., effects nested within 
groups nested within studies), multilevel mixed-effects 
meta-analyses with both study and intra-study groups (i.e. 
where there were multiple groups within a given study) were 

included as random effects in the model were performed 
to explore the effect of fatiguing protocols on performance 
measures (i.e., whether or not they induced NLMF). Clus-
ter robust point estimates and precision of those estimates 
using 95% compatibility (confidence) intervals (CIs) were 
produced [24], weighted by inverse sampling variance to 
account for the within- and between-study variance (tau-
squared). Restricted maximal-likelihood estimation was 
used in all models. A main model was produced including 
all effects sizes.

Several exploratory subgroup comparisons and meta-
regression analyses of moderator’s analyses were conducted. 
Subgroup analyses included comparison of study designs 
(between participant vs. within-participant designs, and also 
controlled vs. uncontrolled within-participant studies), homol-
ogous vs. heterologous effects, upper vs. lower body effects, 
type of outcome measure (grouped as ‘strength’, ‘endurance’, 
or ‘power’), and trained vs. recreationally active participants. 
For each comparison, multilevel models with robust estimates 
were produced for each subgroup, and fixed-effects with mod-
erator’s model were used to compare the models. Modera-
tors examined using meta-regression included the time post-
fatigue protocol that measures were taken (seconds; though 
this was limited to effects measured within a 24 h maximum 
time frame), the time post-fatigue protocol that measures were 
taken but limited to only the first measure taken (to separate 
the possible impact of multiple post-fatigue protocol tests), the 
‘severity’ of the fatiguing protocol used (this was calculated 
from those studies where data were available as the ‘relative 
load’ x ‘sets/bouts’ x ‘time under load’ to give a measure of 
the total ‘workload’ performed)4 [25], the percentage males 
in the sample, and mean age of the sample.

For all models, we opted to avoid dichotomizing the 
existence of an effect for the main results and, therefore, did 
not employ traditional null hypothesis significance testing, 
which has been extensively criticised [26, 27]. Instead, we 
considered the implications of all results compatible with 
these data, from the lower limit to the upper limit of the 
interval estimates, with the greatest interpretive emphasis 
placed on the point estimate.

The risk of small study bias was examined visually 
through contour-enhanced funnel plots. Q and I2 statis-
tics were also produced and reported [28]. A significant Q 
statistic is typically considered indicative of effects likely 
not being drawn from a common population. I2 values 
indicate the degree of heterogeneity in the effects: − 40% 
were not important, 30–60% moderate heterogeneity, 
50–90% substantial heterogeneity, and 75–100% consid-
erable heterogeneity [29]. For within-participant effects, 

4 This in essence was similar to the manner in which resistance train-
ing dose is often operationalised as ‘volume-load’ relative to one-rep-
etition maximum (1RM), i.e., sets x repetitions x %1RM [25].

https://apps.automeris.io/wpd/
https://www.r-project.org/
https://www.r-project.org/
https://osf.io/6x4ct/
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pre–post-correlations for measures were rarely reported; 
thus, we assumed a range of values for correlation coeffi-
cients (r = 0.5, 0.7, and 0.9) and explored the sensitivity of 
results to each of these. As overall findings were relatively 
insensitive to this range, we report the results for r = 0.7 here 
and include the results for inclusion of the other assumed 
correlation coefficients in the supplementary materials 
(https:// osf. io/ 6n283/ and https:// osf. io/ rf8bj/). Heterogene-
ity of individual effect estimates included was also examined 
through the production of ‘GOSH’ plots5 (graphical display 
of study heterogeneity; [30].

3  Results

3.1  Included studies

After initial searches and screening, 39 studies were iden-
tified that met the inclusion criteria [8–15, 17, 31–60]. 
Details of the search and inclusion process are shown in 
the flowchart (Fig. 1). The pooled number of participants in 
the studies included was 303 across 57 groups within stud-
ies and with sample sizes ranging from 6 to 45 participants 
(median = 11). Full details of all included studies can be seen 
in the data extraction table (https:// osf. io/ 4g5jw/).

Fig. 1  Flowchart illustrating different phases of the search and study selection

5 Given that the number of possible combinations (2.146988965
623700007512297816 ×  1027) based on the number of effect sizes 
extracted prohibited the computation of all possible overall effect 
estimates, we limited this to a random sample of 1,000,000 possible 
combinations.

https://osf.io/6n283/
https://osf.io/rf8bj/
https://osf.io/4g5jw/
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3.2  Main Model: All Effects

The main model including all effects sizes [278 across 
50 clusters (median = 4, range = 1–18 effects per cluster] 
revealed a trivial point estimate with high precision for the 
interval estimate [− 0.02 (95% CIs = − 0.14 to 0.09)], yet 
with substantial heterogeneity (Q(277) = 642.3, p < 0.01), 
I2 = 67.4%). Figure 2 presents all effect sizes and interval 
estimates in an ordered caterpillar plot, Fig. 3 presents the 
funnel plot for all studies, and the GOSH plot, which showed 
generally high levels of between-study heterogeneity, can 
be viewed in the supplementary materials (https:// osf. io/ 
sbmze/).

3.3  Subgroup and Meta‑regression Analyses

3.3.1  Study Design

Subgroup models revealed trivial yet opposite sign effects 
for both between participant study designs [0.17 (95% 

CIs = 0.01–0.34]; 21 effects across 2 clusters (median = 10.5, 
range = 5–16 effects per cluster; I2 = 0.0%] and for within 
participant designs [− 0.04 (95% CIs = − 0.15 to 0.08); 
257 effects across 48 clusters (median = 4, range = 1–18 
effects per cluster; I2 = 69.6%], which significantly differed 
(z = − 3.43, p < 0.001).

Subgroup models revealed trivial yet opposite sign effects 
for both controlled within-participant study designs [− 0.23 
(95% CIs = − 0.42 to − 0.03); 142 effects across 28 clusters 
(median = 3.5, range = 1–16 effects per cluster; I2 = 79.7%] 
and for uncontrolled within participant designs [0.14 (95% 
CIs = 0.01–0.27); 115 effects across 21 clusters (median = 4, 
range = 1–18 effects per cluster; I2 = 48.0%], which signifi-
cantly differed (z = 3.241, p < 0.001).

3.3.2  Homologous vs. Heterologous Effects

Subgroup models revealed trivial yet opposite sign effects 
for both homologous [0.06 (95% CIs = − 0.09 to 0.22); 131 
effects across 27 clusters (median = 3, range = 1–18 effects 
per cluster; I2 = 59.1%)] and heterologous effects [− 0.09 

Fig. 2  Ordered caterpillar plot of all effects. Robust multi-level model estimate (all studies): (Q = 642.28, df = 277, p < 0.0001, I2 = 67.41%)

https://osf.io/sbmze/
https://osf.io/sbmze/
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(95% CIs = − 0.26 to 0.07); 147 effects across 28 clusters 
(median = 3.5, range = 1–16 effects per cluster; I2 = 74.1%)], 
which did not significantly differ (z = 1.43, p = 0.152).

3.3.3  Upper Body vs. Lower Body Effects

Subgroup models revealed trivial yet opposite sign effects 
for both upper body [0.07 (95% CIs = − 0.07 to 0.22); 110 
effects across 22 clusters (median = 4, range = 1–12 effects 
per cluster; I2 = 58.9%)] and lower body effects [− 0.11 
(95% CIs =  − 0.27 to 0.04); 165 effects across 37 clusters 
(median = 3, range = 1–18 effects per cluster; I2 = 73.9%)], 
which did not significantly differ (z = 1.813, p = 0.07).

3.3.4  Type of Outcome Measure

Subgroup models revealed trivial effects for both strength 
[0.11 (95% CIs = 0.01–0.21); 174 effects across 35 clusters 
(median = 4, range = 1–18 effects per cluster; I2 = 39.5%)] 

and power outcomes [− 0.01 (95% CIs = − 0.24 to 0.22); 43 
effects across 8 clusters (median = 4, range = 2–12 effects 
per cluster; I2 = 45.9%)], yet moderate effects for endurance 
outcomes [− 0.54 (95% CIs = − 0.95 to − 0.14); 61 effects 
across 19 clusters (median = 2, range = 1–16 effects per 
cluster; I2 = 94.5%)] which differed significantly from both 
strength (z = 3.29, p = 0.001) and power outcomes (z = 2.49, 
p = 0.013).

3.3.5  Participants’ Training Status

Subgroup models revealed trivial effects for both trained 
[− 0.01 (95% CIs = − 0.16 to 0.13); 121 effects across 
19 clusters (median = 3, range = 1–18 effects per cluster; 
I2 = 50.8%)] and for recreationally active participants [− 0.04 
(95% CIs = − 0.21 to 0.13); 157 effects across 31 clusters 
(median = 4, range = 1–18 effects per cluster; I2 = 75.6%)], 
which did not significantly differ (z = 0.289, p = 0.772).

Fig. 3  Contour-enhanced funnel plot for all effects
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3.3.6  Time of Post‑Fatigue Protocol Measurement

Meta-regression suggested that NLMF effects were not 
moderated by the time that post-fatigue protocol measure-
ments were taken whether considering all effects within 
a 24  h period post-fatigue protocol [β = ≈ 0.00 (95% 
CIs = − 0.0001 to ≈ 0.00); 265 effects across 50 clusters 
(median = 4, range = 1–18 effects per cluster)], or when 
limited to only the first post-fatigue protocol measurement 
[β = − 0.0006 (95% CIs = − 0.0016 to 0.0005); 129 effects 
across 47 clusters (median = 2, range = 1–10 effects per clus-
ter)]. Figures in the supplementary materials (https:// osf. io/ 
gd9cm/ and https:// osf. io/ 3jhbp/) show meta-analytic scat-
terplots for these effects.

3.3.7  ‘Severity’ of Fatigue Protocol

Meta-regression suggested that NLMF effects were not mod-
erated by severity of the fatigue protocol used [β = ≈ 0.00 
(95% CIs = ≈ 0.00 to ≈ 0.00); 251 effects across 39 clusters 
(median = 5, range = 1–18 effects per cluster)]. The figure 
showing the meta-analytic scatterplots for these effects can 
be found in the supplementary materials (https:// osf. io/ 
ajngp/).

3.3.8  Percentage of Males in Sample

Meta-regression suggested that NLMF effects were not 
moderated by the percentage of males in the sample 
[β = − 0.0021 (95% CIs = − 0.0001 to 0.0042); 268 effects 
across 47 clusters (median = 4, range = 1–18 effects per clus-
ter)]. The figure showing the meta-analytic scatterplots for 
these effects can be found in the supplementary materials 
(https:// osf. io/ rdc45/).

3.3.9  Mean age of Sample

Meta-regression suggested that NLMF effects were not 
moderated by the mean age of participants in the sample 
[β = − 0.0008 (95% CIs = − 0.0078 to 0.0062); 278 effects 
across 47 clusters (median = 4, range = 1–18 effects per clus-
ter)]. The figure showing the meta-analytic scatterplots for 
these effects can be found in the supplementary materials 
(https:// osf. io/ 7fhy8/).

4  Discussion

The major findings of this meta-analysis were that when all 
performance measures indicative of neuromuscular fatigue 
were examined (muscle strength, power, and endurance 
measures combined), the effect estimate was close to zero 

and at best compatible with only trivial effects. Thus, there 
does not appear to be clear evidence of a general NLMF 
effect, though between-study heterogeneity was high even 
across various iterations of effect sizes included (see GOSH 
plot https:// osf. io/ sbmze/). Furthermore, NLMF effects 
were similarly absent and unlikely to be moderated by 
study design (the difference between designs seems most 
likely sampling error across the distribution of effect sizes), 
homologous vs. heterologous effects, upper or lower body 
effects, participant training status, sex, age, the time of post-
fatigue protocol measurement, or the severity of the fatigue 
protocol. However, when examining types of performance 
measures separately, there did appear to be some evidence 
for a moderate NLMF effect upon endurance-based out-
comes (i.e., TTF), although the interval estimate was rela-
tively imprecise showing compatibility with a range from 
possibly trivial to large effects and again there was consider-
able between-study heterogeneity (I2 = 94.5%).

Prior fatiguing actions of another muscle induced trivial 
effects upon subsequent single discrete maximal strength 
and power contractions of the tested muscles. The finding 
of trivial effects in our meta-analytic model does not imply 
that all studies demonstrated trivial NLMF results with sin-
gle testing contractions. There are some studies that have 
reported NLMF with single discrete maximal contractions 
[8, 13, 15, 39, 40]. However, this sample of studies illustrat-
ing single maximal contraction NLMF impairments is coun-
terbalanced by an even greater number of studies showing 
no significant changes; thus, the multilevel meta-analysis 
models estimates suggest that the mean of the distribution 
of the true effect sizes is approximately zero and at best 
only trivial.

In contrast, NLMF produced moderate magnitude impair-
ments of a previously non-exercised, non-local muscle 
when tested with an endurance test. In addition, we con-
ducted a post hoc exploratory analysis of longer duration 
(i.e., where the endurance tests involved bouts to task fail-
ure that lasted > 75 s) endurance outcomes as these have 
previously been considered as ‘true’ endurance by others 
[61, 62]. These longer duration endurance outcomes dem-
onstrated a large, albeit still imprecise and ranging from 
small to large, effect estimate [− 0.85 (95% CIs = − 1.46 
to − 0.24)], which still showed a high between-study het-
erogeneity (I2 = 89.3%). It should be noted that there were 
comparatively fewer studies that examined endurance-based 
outcomes, which likely explains the imprecision of this esti-
mate; further research is therefore encouraged. However, the 
results from this meta-analysis are in accord with the conclu-
sion of Halperin et al. [7] in their narrative review, where 
they also reported that muscle endurance-based outcomes 
provided clearer evidence of NLMF vs. strength or power-
based outcomes. They speculated on a range of possible 
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mechanisms for this effect on non-local muscle endurance, 
which we briefly discuss here in the context of our findings.

4.1  Possible Mechanisms

4.1.1  Metabolite Distribution

Accumulation of metabolites and increased acidosis in the 
working (exercised) muscle(s) may be distributed through-
out the cardiovascular system having non-local effects on 
muscle disrupting contractile kinetics, enzymatic function-
ing, and action potential propagation [63–66]. Increases in 
potassium [67], hydrogen [67, 68], and blood lactate [14, 
67, 68] have been observed in the non-exercised muscles 
following contralateral exercise. While the impact of blood 
lactate and hydrogen ions on muscle endurance is disputed 
[69, 70], they have been reported to decrease the force per 
cross-bridge [71, 72], and reduce myofibrillar  Ca2+ sensitiv-
ity [71, 73]. Increased potassium gradients with repeated 
contractions [74] can diminish force [75] and reduce muscle 
excitability contributing to fatigue [41]. Exercise-induced 
heat shock proteins [76] are evident in non-exercised sys-
tems [77] and are reported to impact the recovery of force-
producing capacity [78]. Fatigue-induced changes to the 
metabolic environment can also activate group III and IV 
muscle afferents [79, 80] inhibiting the central nervous sys-
tem, attenuating non-local, or global muscle performance 
[40]. However, the lack of effects upon other outcomes 
(strength and power) question the influence of factors such 
as group III and IV afferents effects on central motor drive. 
Further questioning the impact of centrally mediated neural 
mechanisms, studies that have examined electromyographic 
activity (EMG) of the non-exercised muscle are conflicting 
in whether there appears to be evidence of neural inhibition 
[8, 10, 15, 44–46]. While there is evidence suggestive of 
reduced cerebral oxygenation possibly impacting NLMF [81, 
82], evidence from studies of transcranial magnetic stimula-
tion (TMS) regarding specific levels of neural influence (i.e. 
supraspinal [cortical or cerebral], spinal, and peripheral) is 
varying; studies have reported inhibitory [83–86], excitatory 
[87–90] and no significant NLMF effects upon corticospinal 
excitability [48, 91].

The lack of general NLMF effects, or comparative differ-
ences in both homologous and heterologous, and upper and 
lower body, outcomes question the role of systemic meta-
bolic mechanisms for non-local endurance effects. Further, 
findings regarding possible neural mechanisms are highly 
variable and, accompanied by the general lack of NLMF 
effect upon strength and power outcomes, it appears that 
they may play little role; a similar conclusion was reached 
in a meta-analysis by Miller et al. [18], who reported trivial 
reductions in non-local heterologous spinal and supraspinal 

excitability. Thus, it is not clear whether physiological mech-
anisms alone might explain the possible NLMF effects upon 
endurance performance. However, a further possible expla-
nation that has been speculated upon is psychological.

4.1.2  Perception of Fatigue and Effort

Maintaining muscular actions to the point of task failure 
(endurance) is uncomfortable, sometimes painful, and neces-
sitates focus and concentration to maintain task demands 
in both aerobic endurance activities [92] and resistance 
exercise tasks [93]. Indeed, even cognitively fatiguing tasks 
performed alone have been suggested to impede subsequent 
physical performance, especially with endurance-based tasks 
[94–96], although this effect has also been questioned [92]. 
Nevertheless, a deficit in cognitive capacity may influence 
phenomenological experience more globally and poten-
tially explain NLMF especially during endurance-based 
tasks [7]. Cognitively fatiguing tasks may lead individuals 
to perceive a subsequent task to be more effortful, resulting 
in an earlier cessation of the activity [94–96]; though again 
this finding is not consistent and may be small [97]. Actual 
fatigue (and indeed effort) is distinct from the perception of 
fatigue (and perception of effort) [98]. Steele [98] has most 
recently defined perception of effort in relation to percep-
tion of fatigue as “…the perception of that which must be 
done in attempting to achieve a particular demand, or set 
of demands, and which is determined by the perception of 
current task demands relative to the perception of capacity 
to meet those demands…”. Given the separation of actual- 
and perception of-, the NLMF endurance effects may result 
from prior fatiguing non-local tasks impacting perception 
of fatigue, and thus perception of effort experienced during 
subsequent task performance. Indeed, Greenhouse-Tucknott 
et al. [99] show some evidence for this; they found no actual 
NLMF fatigue (knee extensor neuromuscular function), yet 
prior hand-grip exercise increased perception of fatigue and 
subsequently perception of effort impacting upon endurance 
performance.

Of course, psychological explanations are inherently 
underpinned by physiology and there is evidence for physio-
logical mechanisms influencing perception changes that may 
affect performance in a non-local limb. For example, Gande-
via et al. [100] used an ischaemic block to unilaterally deaf-
ferent a hand and demonstrated that greater discrepancies in 
perceived movement of the contralateral hand occurred with 
intensity level of the motor command. Gandevia [3] pro-
posed a sensory tolerance limit whereby exercise or activity 
ceases or is reduced based on the sum of all neural feedback 
and feedforward signals. Indeed, though as noted no single 
physiological mechanism seems to be a clear explanation 
for non-local endurance effects, the global sensory toler-
ance limit suggests that their cumulative and interactive 
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impacts may be responsible. This global negative feedback 
loop is strengthened by sensory afferents from muscles that 
are directly (i.e., the target or exercised muscle group) or 
indirectly (i.e., respiratory, core stabilizing, or other fatigued 
non-local muscles) involved. The result of this is qualitative 
changes in phenomenological experience that are posited to 
impact performance [101]. Hence, the ability to tolerate the 
subsequent exercise, especially endurance exercise, might 
be affected by this sensory threshold.

Thus, increased perception of fatigue (driven both by 
psychological and physiological mechanisms) may have 
global repercussions increasing perception of effort during 
subsequent muscle endurance performance. However, given 
the varying evidence for performance deficits from prior 
cognitive tasks inducing fatigue [62, 102], further studies 
should examine NLMF effects in endurance tasks and exam-
ine these possible mechanisms using appropriate approaches 
to mediation analysis.

4.1.3  Biomechanical

Biomechanical alterations have also been discussed as pos-
sible factors influencing the apparent presence of NLMF [7]; 
more specifically, that muscle groups not ‘directly’ involved 
in the fatiguing task still contribute to the performance of 
working muscle groups using factors such as stabiliza-
tion and mechanical energy transference and thus have the 
potential to influence NLMF effects [103, 104]. Similarly, 
high levels of activation in the trunk muscles (abdominal 
and lower back) have been reported during upper [105] and 
lower body [103] movements due to the trunk muscles acting 
in a stabilizing role to allow for efficient proximal to dis-
tal transfer of mechanical energy (i.e., kinetic chain) [106]. 
Thus, fatigue in these muscles might impact subsequent 
tasks (especially endurance tasks) and would seem unlikely 
to differentially impact homologous over heterologous mus-
cle contractions. However, it seems likely that such biome-
chanical alterations would be highly specific to the exact 
task performed in both the fatiguing protocol and subse-
quently for performance testing. Thus, it may be fruitful for 
future studies to more specifically focus on circumstances 
where NLMF may appear to be present and whether or not 
this is explained by biomechanical alterations not typically 
examined.

4.1.4  Summary of Mechanisms

A review of the mechanisms that might explain a possi-
ble NLMF effect in endurance tasks suggests that neither 
metabolic nor central neuromuscular activation deficits are 
likely to be responsible, at least not alone. Possible mecha-
nisms, however, include a global cumulative impact upon 

perception of fatigue and increased perception of effort dur-
ing subsequent task performance. The moderate magnitude 
NLMF impairments with endurance tasks, and strength 
deficits reported in some studies (although trivial strength 
effects overall), may also be partially attributed to possi-
ble biomechanical alterations induced by fatigue in other 
muscle groups not ‘directly’ involved in the fatiguing task. 
With the brief duration of discrete maximal contractions 
(typically 3–5 s), the negative influences of mental fatigue or 
increased fatigue perception would be less predominant than 
with endurance tasks. However, further research is needed 
to establish the extent of an NLMF effect upon endurance 
tasks, and whether these mechanisms mediate NLMF.

4.2  Moderating Variables

The lack of moderating effects from other studies, partici-
pant, and protocol characteristics is interesting and suggests 
that considering the consistently high between-study het-
erogeneity, other characteristics may explain the variation 
in effects seen across individual studies. Halperin et al. [7] 
previously suggested that NLMF effects may be more pro-
nounced in the lower body, for male participants, and that 
training background may have some influence; indeed these 
characteristics have been less well explored, and so, the lack 
of moderating effects may merely be due to the relative lack 
of data.

4.2.1  Sex Differences

The lack of impact of sex in the present meta-analysis may 
be related to the much lower proportion of women partici-
pating in these studies. The possibility of sex differences 
is difficult to identify as only 13 studies reported including 
female participants and only three of these directly com-
pared men and women. Martin and Rattey [8] and Ye et al. 
[107] were two of only three studies to directly compare 
sex-related NLMF effects, finding greater NLMF with males 
vs. females. Doix et al. [45] contrastingly discovered that 
males experienced greater fatigue in the exercised leg, but 
there was no significant NLMF with either sex, although 
vastus lateralis EMG activity demonstrated a greater mag-
nitude deficit during the post-test in females. Females tend 
to exhibit greater muscle endurance [108] and less local 
muscular fatigue [109], which has been attributed to lower 
absolute muscle forces with the same relative work, con-
tributing to a lower muscle oxygen demand and vasculature 
compression [110]. Nonetheless, with so few female partici-
pants and comparative studies, future studies must include 
and compare both sexes.
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4.2.2  Trained State

There was also little difference between trained and 
untrained participants in our analysis. However, the train-
ing background in studies tended to be dichotomised into 
either recreationally active participants or trained partici-
pants. Only Triscott et al. [111] compared three training 
backgrounds: healthy, strength-endurance, and resistance-
trained individuals. Following unilateral elbow flexors 
fatigue, the contralateral elbow flexors’ single MVC did not 
significantly change in any group regardless of training his-
tory. As observed with other NLMF studies, a contralateral 
post-fatigue endurance test was more sensitive to NLMF 
with both the healthy and resistance-trained participants 
showing significant decrements, whilst the strength-endur-
ance-trained subjects were not significantly affected. The 
strength-endurance-trained participants could have produced 
less metabolic by-products due to their lower reliance on 
glycolytic pathways, resulting in reduced metabolite distri-
bution and diminished inhibitory metaboreceptor afferent 
input [112]. Thus further investigations should examine 
whether NLMF can be induced or prevented through the 
implementation of longitudinal training interventions.

4.2.3  Age Differences

A final area with little research is the possible moderating 
role of age in NLMF effects. None of the studies identified 
directly compared younger (children and adolescents) and 
older cohorts, with the majority including younger adults 
(typically of university age). Yet, it has been suggested that 
both children and older adults exhibit greater endurance 
capacity than younger adults, though interestingly children 
tend to display large reductions in capacity (i.e., fatigue) 
comparable to that seen in endurance athletes, whereas older 
adults may exhibit less [113, 114]. Considering this, there 
remain intriguing possibilities to examine whether or not 
age may impact the absence or presence of NLMF effects.

5  Conclusions

The results of this comprehensive meta-analysis of findings 
from the NLMF literature suggest that, following a fatigu-
ing intervention, previously non-exercised muscles do not 
typically appear to exhibit a general NLMF effect when 
considering muscle strength and power-based performance 
outcomes. However, there is some evidence suggestive 
of NLMF for muscle endurance-based outcomes, though 
relatively fewer studies have explored this and the possi-
ble mechanisms for this specific effect are unclear. General 
NLMF effects were similarly absent and not moderated by 
study design, homologous vs. heterologous effects, upper 

or lower body effects, participant training status, sex, the 
time of post-fatigue protocol measurement, or the severity 
of the fatigue protocol. There is, however, a paucity of stud-
ies including female participants and conducting direct sex 
comparison, in addition to studies of younger (children and 
adolescents) and older populations, and of different training 
backgrounds or indeed intervention studies examining the 
effects of implementing differing prior training. Thus, future 
studies are needed to clarify the possible NLMF effect upon 
endurance outcomes in addition to the potential mechanisms, 
together with studies examining population differences (i.e., 
sex, age, and training background). More studies could elu-
cidate at some point in a future meta-analysis whether the 
NLMF endurance deficits are a real effect, or if the analysis 
was biased by a small number of studies and the random 
variation in sampling effect sizes from the distribution of 
possible studies in the area. Considering the lack of evidence 
for a general NLMF effect, we suggest that future research 
on NLMF effects should be redirected towards these still 
relatively unexplored areas.
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