
*Corresponding Author: Garrett M. Hester; Email: ghester4@kennesaw.edu

Non-local Muscle Fatigue in Young and Middle-Aged Women following Fast-
Paced Walking

Kaden R. Buford1, Lacey N. Harper1, Kayla R. Anderson1, William J. Reed1, Breanna S. McDonald1, 
Rachel S. Carlstrom2, Garrett M. Hester1*
1Department of Exercise Science and Sport Management, Kennesaw State University, Kennesaw, 
USA; 2Department of Molecular and Cellular Biology, Kennesaw State University, Kennesaw, USA

Original Research 

Abstract 
International Journal of Exercise Science 19(2): 2011, 2026. Non-local muscle fatigue (NLMF) has been 
well-studied in young individuals following acute, higher intensity exercise; however, the effects of age on NLMF 
are unclear and limited research exist in women. Research examining age-related differences in NLMF following 
tasks mimicking everyday life such as fast-paced walking is needed. The purpose of this study was to determine 
the potential differences in NLMF for maximal and rapid force capacity between young and middle-aged women 
following an acute bout of fast-paced walking. Young (YW; n=16; 21±2 yrs) and post-menopausal, middle-aged 
(MW; n=14; 55±3 yrs) women completed a testing visit following a familiarization session. Handgrip testing was 
performed before and after a 6-min, fast-paced walking task. Maximal force, and early (0-100 ms) and late (0-
200 ms) rapid force metrics were calculated from the force-time curve captured during handgrip testing. Rating 
of perceived exertion (0-10) was also obtained. Two-way mixed group × time ANOVAs were used to compare 
changes between groups. RPE was similar for YW (3.00±1.16) and MW (3.29±1.45) (p=0.560; d=0.22). Maximal force 
increased in YW (p=0.024; d=0.52) but remained unchanged in MW (p=0.092; d=0.56). Peak (p<0.001; =0.477) and 
early (p<0.001–p=0.002;  = 0.284–0.365) rapid force decreased similarly for both groups. Late rapid force remained 
unchanged (p=0.210–0.688; =0.055–0.006). Despite no effect of age, NLMF was exhibited solely through early 
rapid force capacity following moderate intensity fast-paced walking. The divergent responses between maximal 
and rapid force are an important consideration for future research, given the implications for physical function in 
older populations.  
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Introduction
Non-local muscle fatigue (NLMF) refers to the decrease in performance of a non-exercised muscle, 
located superiorly, inferiorly, contralaterally or ipsilaterally from the fatigued muscle group.1 
The underlying mechanisms of NLMF are believed to be mediated through the central nervous 
system,2 metabolite accumulation (indirect),3 or psychological factors.4 Though several studies 
have indicated the presence of NLMF,5-7 a recent meta-analysis concluded that the evidence 
for NLMF is inconsistent and appears to be dependent upon the outcome of interest.8 This is at 
least partially due to a lack of diversity amongst studies; indeed, it was also determined there 
are several gaps in the literature including the influence of sex and age. Specifically, studies 
on NLMF rarely include women and age-related comparisons are absent.8 Findings for the 
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limited work comparing sexes is equivocal with some studies indicating greater NLMF in men 
for the lower-body9,10 and other work showing no difference for upper-body musculature.11 To 
date, NLMF research has been performance-oriented such that fatigue is typically induced by 
either isolated muscle contractions9,12 or cycling13,14 in recreationally active or trained individuals. 
Greater diversity is needed in NLMF research to gain understanding regarding the existence of 
NLMF and its broader implications. It is critical to examine NLMF following tasks more closely 
resembling daily life in untrained populations, given they are more susceptible to fatigue.

There is relatively  little known regarding the task-specificity of NLMF, but previous work has 
provided some insight. For example, NLMF of the lower-body was greater following higher 
intensity fatiguing tasks6,7 however, this was not the case when the upper-body was tested.15 
Additionally, high or maximal intensity exercise7 tends to demonstrate greater NLMF compared 
to lower intensity exercise.16,17 More recently, greater NLMF was exhibited when testing during 
high-velocity isokinetic contractions, however, this effect was only shown for fatigue index (i.e., 
strength decline over 15 repetitions) and not discrete muscle strength.5 Similarly, studies examining 
running18,19 and cycling20 tasks have not shown NLMF when tested as a discrete outcome. Indeed, 
a recent meta-analysis8 concluded that NLMF appears to be more prominent when evaluated as 
endurance-based outcomes compared to discrete outcomes characterizing maximal strength or 
power. However, these findings are based on young and recreationally active or athletic male 
samples. Less is clear in untrained, middle-aged or older populations, and it is possible that NLMF 
may be more prominent following submaximal activity in these age groups. Further, research 
examining discrete measures of NLMF has almost exclusively assessed maximal strength, thus 
there is limited information on rapid force measures such as rate of force development (RFD).21 
Rapid force production may be particularly vulnerable to NLMF, specifically during the early 
phase (0-100 ms), as it is more strongly influenced by initial neural drive to skeletal muscle.22,23 
It is important to determine the effects of NLMF on rapid force production in older populations 
considering the relevance of this muscle function parameter for physical function.24   

To the best of our knowledge, no study has examined the effect of age on NLMF. There are 
prominent age-related differences for the effects of fatigue on the exercising limb, so it is prudent 
to determine if the same is true for NLMF. For example, older adults are more fatigable following 
high-velocity, dynamic contractions25,26 compared to young adults yet less fatigable following 
sustained isometric exercises.27,28 Evidence related to fatigue of the previously exercised 
muscle,29 nevertheless NLMF, in middle-aged adults is scant yet critical to understanding early, 
age-related changes relevant for physical function. One of the few studies comparing fatigue 
responses for young and middle-aged individuals found no age-related difference in a mixed-
sex cohort.30 However, only maximal strength was assessed, and it is possible that RFD may 
respond differently given its greater vulnerability to fatigue.31,32 A significant event for middle-
aged women is menopause, which could alter the response of the central nervous system to 
fatigue, at least in part, due to the role of estrogen on neural excitiablity.33,34 Previous longitudinal 
research has shown the detrimental effect of the menopausal transition on physical function,35,36 
underscoring the need for more research in post-menopausal, middle-aged women. Further, 
as opposed to the high-intensity, isolated exercise models in previous research, it is critical to 
determine if NLMF is demonstrated following a submaximal task representative of daily life in 
this population. This insight would be valuable towards understanding the implications of NLMF 
following more common physical activity, such as fast-paced walking, and the influence of age. 
Thus, the purpose of this study was to determine the potential differences in NLMF for maximal 
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and rapid force capacity between young and middle-aged women following an acute bout of 
fast-paced walking. We hypothesized that rapid force measures would be more susceptible to 
age-related differences in NLMF than maximal force.

Methods

Participants
Thirty-one, healthy young (YW; n = 16, 21 ± 2 yrs) and post-menopausal, middle-aged (MW; n = 
14, 55 ± 3 yrs) women participated in this study (Table 1). G*Power (v. 3.1.9.4) software indicated 
a total sample size of 30 would detect a medium effect size (f = 0.27) with a statistical power of 
0.80 for a two-way analysis of variance. This effect size was deemed justifiable based on practical 
meaningfulness and feasibility of the sample size due to resource limitations. Participants were 
excluded if they were active student-athletes or members of a club sports team, actively taking 
hormone-replacement therapy, had uncontrolled hypertension, were pregnant, or had suffered 
a lower-body injury within the previous six months. Participants completed the International 
Physical Activity Questionnaire37 to estimate baseline physical activity (MET-hrs/week). YW 
were required to be taking the same monophasic birth control contraceptive at least the previous 
six months leading up to the study and MW had to be at least six months post-menopausal at 
time of study inclusion. This study was approved by the Kennesaw State University Institutional 
Review Board prior to data collection. This research was carried out fully in accordance with the 
ethical standards of the International Journal of Exercise Science.38 All participants provided oral 
and written consent prior to beginning the study.

Protocol
Participants visited the laboratory two times, separated by at least 3 days but no more than 7 
days. The first visit included body composition testing and familiarization with handgrip testing. 
The second visit included handgrip testing before and after a fast-paced walking task. YW 
were instructed to schedule their second visit during the last 14 days of the pill consumption 
phase of their oral contraceptive cycle (i.e., the two weeks prior to the placebo pill period) to 
minimize fluctuations in endogenous hormones.39,40 Participants were requested to avoid alcohol 
and strenuous activity for 24 hrs and caffeine for 12 hrs prior to all visits. Participants received 
compensation upon completion of the study.

Body mass and height were recorded using a digital physician scale (Tanita WB 3000, Arlington 
Heights, IL, USA). Body fat percentage was recorded using bioelectrical impedance analysis 
(InBody770, InBody Co., Cerritos, CA, USA). 

The fast-paced walking task consisted of a 6-min walk test following standardized procedures.41 
This standardized protocol was chosen to support replication in future studies and because it is 
fairly representative of daily activity. The duration is comparable to the average walking time to 
and from transit according to the National Household Travel Survey.42 Subjects were instructed 
to “cover as much distance as possible” while walking between two cones set 15.2 m apart. 
Testers gave standardized encouragement (“You’re doing great,” and “Keep up the good work”) 
and updates to participants regarding time elapsed and remaining every sixty seconds. Rating of 
perceived exertion (RPE) (Category Ratio Scale-10)43 was recorded immediately after the walking task. 
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A Jamar style hydraulic handgrip dynamometer (Fabrication Enterprises, White Plains, NY, 
USA) was used for testing. Participants performed a warm-up consisting of 2 submaximal 
isometric contractions at 50% and a third at 75% of perceived maximal effort. For baseline 
testing, participants performed 3, 3-4 sec rapid maximal voluntary isometric contractions while 
seated and the elbow at ~90° separated by 1 min of rest. A single maximal voluntary isometric 
contraction was performed 3 min after the walking task for post testing due to the time needed to 
travel between the walking corridor and testing location. Subjects were instructed to squeeze the 
handgrip dynamometer “as hard and as fast as possible” with the dominant hand. Strong verbal 
encouragement and visual biofeedback was provided during testing.

The analog force output was recorded at 2 kHz through an AD converter and subsequent data 
analysis was performed using custom written software (LabVIEW, National Instruments, Austin, 
TX). The force signal was corrected for the baseline gripping force and then digitally filtered with 
a zero lag, low-pass (150 Hz)44 Butterworth filter. Maximal force was recorded as the highest 
rolling 500 ms average and absolute force at 50 (F50), 100 (F100), and 200 ms (F200) was obtained as 
well. RFD from 0-50 ms (RFD0-50), 0-100 ms (RFD0-100), and 0-200 ms (RFD0-200), as well as peak RFD 
(RFDpk) were derived from the linear slope of the force-time curve (Δforce/Δtime). RFDpk was 
determined as the highest rolling 10 ms linear slope. Contraction onset was set at 1 Nm for all 
rapid force outcomes. Given the primary interest in rapid force production, the MVIC producing 
the highest RFDpk was used as the pre-test value for subsequent analysis.

Statistical Analysis
Normality of data was confirmed via skewness and kurtosis. Specifically, skewness and kurtosis 
values were divided by their standard error and a threshold of 1.96 was used to determine non-
normality.45 Independent samples t-tests were used to compare groups at baseline. Two-way 
mixed ANOVAs [group (young vs. middle-age) × time (PRE vs. POST)] with group as a between-
subjects factor were used to assess changes between groups across time. Levene’s test was used 
to assess homogeneity of variance. In the case of significant interactions, Bonferroni adjusted 
pairwise comparisons for the simple effects were examined. Partial eta squared ( ) was used for 
ANOVA analyses and <0.06, 0.07 – 0.14, and >0.14 indicated small, medium, and large effect sizes, 
respectively. Cohen’s d was used for pairwise comparisons with 0.20, 0.50, and 0.80 indicating the 
same effect sizes, respectively. All statistical analyses were performed with SPSS version 29 (IBM 
Corporation, Chicago, IL). An alpha level of p ≤ 0.05 was used to indicate statistical significance. 
Data are reported as mean ± SD in text and means with individual level data are shown in figures.

Results
Characteristics for each group are presented in Table 1. Middle-aged women demonstrated a 
greater body mass index (p = 0.037; d = 0.80) and body fat % (p = 0.002; d = 1.24) but other 
characteristics were similar between groups. All measures of maximal (p = 0.573; d = 0.20) and 
rapid force outcomes (p = 0.426; d = 0.29 ‒ p = 0.553; d = 0.22) were similar between groups at 
baseline. RPE was similar between groups following the fast-paced walking task (p = 0.560; d = 
0.22) (Table 1).
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Table 1. Characteristics for young (YW) and middle-aged women group.

Variable YW (n = 16) MW (n = 14) p-value and Effect Size

Body mass (kg) 63.46 ± 6.97 69.10 ± 14.17 p = 0.193
d = 0.52

BMI (kg/m2) 23.56 ± 3.02 26.80 ± 4.98 p = 0.037*
d = 0.80

Body fat (%) 28.58 ± 7.22 36.89 ± 6.09 p = 0.002*
d = 1.24

MET (hrs/wk) 70.69 ± 89.24 65.85 ± 55.54 p = 0.862
d = 0.06

6MWT (m) 590.51 ± 48.49 581.24 ± 42.90 p = 0.586
d = 0.20

RPE (au) 3.00 ± 1.16 3.29 ± 1.45 p = 0.560
d = 0.22

BMI = body mass index, MET = metabolic equivalent of task, 6MWT = 6-min walk test, RPE = rating of perceived 
exertion
*Significantly greater in middle-aged women

Data for maximal and rapid force outcomes and ANOVA findings are presented in Table 2. A 
two-way interaction (p = 0.007;  = 0.231) was only demonstrated for maximal force as YW 
demonstrated an increase (p = 0.024; d = 0.52; +4.9%) but MW exhibited no change (p = 0.092; d = 
0.56; -4.0%) (Table 2; Figure 1). Main effects for time indicated similar decreases in each group for 
early (0-100 ms) rapid force outcomes, but no changes were shown for later rapid force outcomes 
(Table 2; Figure 1 and 2). 

Table 2. Maximal and rapid force outcomes before and after the fast-paced walking task for young (YW) and middle-
aged women (MW).

Variable YW (n = 16) MW (n = 14) Two-way 
Interaction Time EffectPre Post Pre Post

Maximal 
Force (kg) 30.34 ± 3.02 31.82 ± 3.91 29.43 ± 5.46 28.27 ± 6.19

p = 0.007*

 = 0.231

p = 0.729

 = 0.004
RFDpk 
(kg·s-1) 324.03 ± 72.62 296.97 ± 69.78 305.40 ± 88.01 255.76 ± 84.00

p = 0.148

 = 0.073

p < 0.001*

 = 0.477

RFD0-50 (kg·s-1) 250.87 ± 70.49 218.28 ± 76.72 231.44 ± 87.13 178.42 ± 71.41
p = 0.346

 = 0.032

p < 0.001*

 = 0.365
RFD0-100 (kg·s-

1) 234.81 ± 45.52 223.34 ± 51.02 222.09 ± 55.96 196.04 ± 60.80
p = 0.206

 = 0.056

p = 0.002*

 = 0.284
RFD0-200 (kg·s-

1) 139.61 ± 21.58 145.04 ± 25.72 133.26 ± 25.13 130.42 ± 32.20
p = 0.205

 = 0.057

p = 0.688

 = 0.006

F50 (kg) 12.87 ± 3.16 11.45 ± 3.45 11.91 ± 3.88 9.62 ± 3.32
p = 0.356

 = 0.030

p < 0.001*

 = 0.361

F100 (kg) 22.31 ± 3.77 21.36 ± 4.44 21.19 ± 5.01 18.68 ± 5.22
p = 0.142

 = 0.076

p = 0.002*

 = 0.287

F200 (kg) 28.05 ± 3.88 28.26 ± 4.48 26.72 ± 5.15 25.20 ± 5.92
p = 0.102

 = 0.092

p = 0.210

 = 0.055
RFD = rate of force development
*indicates significant (p < 0.05).
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Figure 1. Maximal force (A), rate of force development at its peak (RFDpk) (B), from 0-50 ms (RFD0-50) (C), and from 
0-100 ms (RFD0-100) (D) before and after fast-paced walking in young (YW) and middle-aged (MW) women. *indicates 
similar decreases between groups (p < 0.05). # indicates two-way interaction (p < 0.05). ¥ indicates increases in YW 
only (p < 0.05).

Figure 2. Absolute force at 50 ms (F50) (A), 100 ms (F100) (B), and 200 ms (F200) (C) before and after fast-paced walking 
in young (YW) and middle-aged (MW) women. *indicates similar decreases between groups (p < 0.05).
﻿
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Discussion
The purpose of this study was to determine the potential differences in NLMF of maximal 
and rapid force capacity between young and middle-aged women following an acute bout of 
fast-paced walking. Previous research on NLMF has focused on young, recreationally trained 
or athletic populations using maximal or high intensity structured exercise protocols eliciting 
substantial fatigue. This work expands on the topic of NLMF to untrained individuals and 
probes its implications following fast-paced walking requiring modest exertion. The fast-paced 
walking task used in the current study elicited an average RPE of 3, thus it was moderate in 
intensity.43 While not “heavily” fatiguing, this level of exertion is representative of daily activities 
and supports the ecological validity of the walking task. The primary novel finding of this study 
was that NLMF was exhibited but only through early, rapid force outcomes during handgrip 
testing, and these reductions were similar in young and middle-aged women. Neither maximal 
force nor late phase rapid force production (>100 ms after contraction onset) were affected in 
either age group. These findings indicate no effect of age for NLMF, at least between young and 
middle-aged women, but greater susceptibility of NLMF for rapid force outcomes as compared 
to maximal force.

Our finding that NLMF was not demonstrated through measurement of maximal force is  similar 
to others examining this outcome after endurance based fatiguing protocols in male participants 
who are recreationally or highly trained. Previous research has failed to demonstrate NLMF 
following prolonged running18 or cycling.19,20 Collectively, this provides further support for the 
notion that discrete measures of maximal strength are not affected by NLMF,8 and our findings 
extend this to women and middle-aged adults. An interesting finding of this study was the decrease 
in rapid force production, despite maximal force not expressing NLMF. Research examining the 
effect of NLMF on rapid versus maximal force production is limited.21,46 Miller et al. examined 
these outcomes following low-intensity eccentric and concentric exercise in recreationally active 
young adults.21 NLMF was not found for any force metrics, and this was suggested to be the 
result of the low-intensity (25-30% maximal strength) protocol not being sufficient. Similar to the 
present study, Zahiri et al. found larger relative decrements for rapid force compared to maximal 
force production in the unexercised knee extensors following maximal isometric contractions 
of the dominant leg.46 Performance fatigue in exercised muscle leads to greater deficits in rapid 
force compared to maximal force production,47,48 and the same may be true in the case of NLMF 
but more research is needed to test this hypothesis. It is particularly interesting that only early 
(0-100 ms) rapid force was affected by NLMF. Speculatively, this may indicate that NLMF was 
mediated through the central nervous system,1 specifically, a possible slowing of initial neural 
drive22,23 may have occurred following the walking task. It is also important to note that the modest 
intensity associated with the walking task should not have caused sufficient metabolite accrual 
to reduce central nervous system drive via group III/IV afferent feedback,49 which is an expected 
mechanism behind NLMF following more intensive exercise.1 Given the modest level of exertion 
for the walking task, cognitive factors may have also mediated the effect. It is not clear why 
only early RFD decreased for both groups. Future research should complement RFD testing with 
physiological measurements to better understand NLMF and its mechanistic underpinnings.

To the best of our knowledge, this work is the first to examine the influence of age on NLMF. 
The present work expands upon existing NLMF literature by highlighting its potential relevance 
for physical function in middle-aged populations. RFD is typically lower in middle-aged women 
compared to their younger counterparts,50,51 so an acute reduction could negatively affect physical 
function.24 While research on NLMF is centered around performance fatigue of muscle, it would be 
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worthwhile for future studies to determine if acute functional declines following NLMF in older 
populations go beyond isolated muscle function. For example, an important discernment would 
be if upper-body exercise negatively affected walking speed or chair rise ability. Interestingly, 
young women exhibited an increase in maximal force following the 6-min walk test. The latter 
finding supports the importance of examining both RFD and maximal force, since they have 
been shown to exhibit divergent responses to fatiguing exercise.52 The fast-paced walking task 
appeared to prime the muscle for maximal force generating capacity, yet the ability to quickly 
produce force was diminished. RPE was similar between groups, and in line with the threshold 
for moderate intensity.43 The modest intensity associated with the fast-paced walking task was 
the most likely reason for the lack of an age effect, particularly given that age-related reductions 
in muscle endurance and maximal oxygen consumption are relatively moderate in mid-life.53 
Recent work demonstrated similar tissue oxygen utilization of lower limb musculature in young 
and middle-aged women during fast-paced walking indicating the unlikelihood of difference 
in peripheral fatigue.54 Future work on NLMF should consider including older adults given the 
greater performance fatigue response in this population compared to young adults, particularly 
following dynamic exercise.25 There are meaningful physical function implications if older adults 
demonstrate greater reductions in muscle function resulting from NLMF. Additionally, as age-
related differences for fatigue in a previously exercised muscle have been well studied, a growing 
body of evidence on the effect of age on NLMF would enhance perspective and improve the 
global understanding of fatigue. 

There are several limitations associated with the current study. The sample size is relatively 
small given the between-subjects design, which likely resulted in underpowered analyses. 
However, the rigor associated with the inclusion and exclusion criteria and strategies to minimize 
differences for endogenous hormones between groups is noteworthy and should have minimized 
variability between groups. The lack of a control group was another limitation; thus, it was not 
determined that changes in muscle function were greater than the expected error. However, the 
practice afforded during the familiarization visit should have diminished any practice effects and 
variability. Another limitation was the 3-min delay between the walking task and handgrip testing, 
because of travel and set up time, which likely diminished the NLMF response. Nonetheless, it 
is potentially more meaningful that NLMF was present 3-min following exercise which is  similar 
to previous findings.46 Finally, although body fat percentage is only a descriptor in the present 
study, we acknowledge that by not controlling hydration status there is additional error in this 
measurement. 

The present study expands upon previous research by examining NLMF in women and through 
an age-related comparison with middle-aged women. Additionally, this work used fast-paced 
walking to better understand NLMF following practical, modest exertion more typically 
associated with acts of daily living. Early rapid force capacity during handgrip testing was 
reduced similarly between age groups, whereas neither later rapid force nor maximal force 
outcomes were decreased. Perceived exertion was similar between young and middle-aged 
likely contributing to the lack of an age difference. While the reason for the preferential reduction 
in early rapid force is unclear, this finding underscores the need for future NLMF research to 
supplement standard maximal strength tests with rapid force metrics. Additionally, given the 
relevance of rapid force production for physical function,24 this work alludes to the importance 
of future research examining older populations who may be more prone to exhibit NLMF and 
vulnerable to declines in physical function.  
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