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21

22 Abstract 

23 The main aim of this study was to determine sex differences in central and peripheral fatigue 

24 produced by a sustained isometric exercise of ankle plantar flexors in healthy young adults. 

25 Ten males and fourteen females performed a sustained isometric ankle exercise until task 

26 failure. Maximal voluntary isometric contraction torque (plantarflexion), voluntary activation 

27 level (using the twitch interpolation technique), and twitch contractile properties (twitch peak 

28 torque, twitch half relaxation time, and low frequency fatigue index) were measured before, 

29 immediately after, and throughout a recovery period (1, 2, 5, and 10 min) following the exercise 

30 protocol in order to characterize neuromuscular fatigue. Fatigue had a significant effect (p  

31 0.05) on all dependent variables. Other than for the maximal voluntary contraction torque, 

32 where males showed a greater fatigue-related decrease than females, males and females showed 

33 generally similar changes with fatigue. Altogether, our findings indicate no major differences 

34 in central or peripheral fatigue mechanisms between males and females to explain a somewhat 

35 greater fatigability in males. 

36

37 Introduction 

38 The limits of an individual’s performance during athletic events, occupational tasks, 

39 daily activities, or exercise can be partly explained by fatigue that leads to acute changes in the 

40 neuromuscular system (1). Neuromuscular fatigue can be defined as any exercise-induced loss 

41 of ability to generate force or power within a muscle or muscle group (2,3). Neuromuscular 

42 fatigue develops progressively from the onset of exercise until an individual may no longer be 
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43 able to perform a given task. This fatigue progression can result from changes in 

44 neurophysiological mechanisms at different levels and sites (e.g., central and peripheral 

45 nervous system and within the muscle) before the capacity to produce a given force level 

46 significantly decreases (2). 

47 In an attempt to organize and clarify the origins of these changes, neuromuscular 

48 fatigue has been separated into two components, central and peripheral fatigue. Central fatigue 

49 represents a progressive exercise-induced reduction in voluntary activation (or reduced neural 

50 drive to the muscle) (3,4). A decrease in voluntary activation could arise from changes in the 

51 activation/commands from the brain to an alteration in motor neuron activity, and may involve 

52 afferent feedback from muscles (4). This reduction in voluntary activation is reflected by an 

53 increase in the superimposed twitch torque produced by peripheral (motor) nerve stimulation 

54 during maximal voluntary isometric contractions (MVICs) of the fatigued muscle or muscle 

55 group (5,6). This reduced voluntary activation indicates that motor units are not fully recruited 

56 or firing quickly enough to produce optimal (maximal) muscle torque when the stimulation is 

57 delivered (7). In contrast, peripheral fatigue is caused by processes occurring at or distal to the 

58 neuromuscular junction (3). Peripheral fatigue can be assessed by looking at changes in twitch 

59 contractile properties of a given fatigued muscle by electrically stimulating the peripheral nerve 

60 while the muscle is at rest. Typical fatigue-related changes include: reduced twitch peak torque 

61 (8), increased twitch half relaxation time (the time to have half of the decrease in a twitch peak 

62 torque) (9,10) and decreased low frequency fatigue (LFF) index (ratio of low frequency twitch 

63 torque to high frequency twitch torque) (11).

64 Sex differences in neuromuscular fatigue have been found for some fatiguing tasks, 

65 although the differences vary depending on muscle group, exercise intensity, and contraction 
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66 type (12). Typically, males show greater fatigability (greater reduction in muscle force) than 

67 females, not only for isometric but also dynamic fatiguing tasks such as: single muscle group 

68 isometric contraction (e.g., elbow flexion, ankle dorsiflexion) (13,14) and slow-to-moderate 

69 velocity contractions (e.g., knee flexion/extension, elbow flexion) (15,16). The greater 

70 fatigability in males compared with females has been suggested to be mainly due to a greater 

71 oxidative metabolic capacity (17), a greater proportion of fatigue-resistant muscle fibers (type 

72 I) within skeletal muscles (12), and lesser voluntary activation during fatiguing tasks (14) in 

73 females compared with males. 

74 Amongst the limited number of studies that have determined sex differences in central 

75 and peripheral fatigue, inconsistent results can be found with regards to the contribution of 

76 central versus peripheral fatigue mechanisms, even when observing lesser fatigue resistance 

77 (e.g., greater exercise-induced decreases in MVIC torque or shorter exercise time to failure) in 

78 males than females (12,18). Some studies using isometric exercise protocols of the lower limb 

79 (14,19), for example, found greater central fatigue (greater reductions in voluntary activation) 

80 following the exercise protocol in males compared with females, but showed no significant sex 

81 differences in peripheral fatigue (similar reductions in resting twitch peak torque in both sex 

82 groups). In contrast, several studies using isometric exercise protocols of the upper/lower limb 

83 (20–24) found greater exercise-induced peripheral fatigue in males compared with females, 

84 reporting greater reductions in resting twitch peak torque and slowing of twitch relaxation 

85 following exercise in males compared with females, while not observing sex differences in 

86 central fatigue. 

87 These contrasting findings in a limited number of studies highlight the need for further 

88 evidence with regards to sex differences in neuromuscular fatigue mechanisms in healthy 
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89 adults. In particular, sex differences in neuromuscular fatigue have not been studied extensively 

90 for ankle plantar flexors (12). Given the primary role of ankle plantar flexors in standing 

91 stability and gait performance (25,26), specific knowledge concerning neuromuscular fatigue 

92 of this muscle group can contribute to inform optimal strategies for exercise/rehabilitation in 

93 both males and females. Therefore, our main aim was to determine sex differences in central 

94 and peripheral fatigue of ankle plantar flexors during a sustained isometric exercise in healthy 

95 young adults.

96

97 Methods

98 Participants

99 Ten healthy young males (27.3 ± 5.3 years; 183.5 ± 5.8 cm; 91.5 ± 11.4 kg) and 

100 fourteen healthy young females (29.4 ± 4.9 years; 167.4 ± 7.3 cm; 62.9 ± 9.8 kg) volunteered 

101 for this study. Participants had no neurological disorders or musculoskeletal injuries to the 

102 lower leg, as confirmed by a health questionnaire. These participants showed moderate-to-high 

103 physical activity levels (8.63 ±2.17 out of 15), as reported on a habitual physical activity 

104 questionnaire (27). The study was approved by the University of Ottawa and Bruyère 

105 Continuing Care research ethics boards. Participants were informed of all procedures before 

106 participation in the study.

107 Experimental procedure 

108 All participants volunteered for a single session. The experimental protocol began by 

109 determining the supramaximal intensity of electrical stimulation at the popliteal fossa needed 
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110 to generate the maximal twitch torque from ankle plantar flexors of dominant leg (see below 

111 for details). Participants then familiarized themselves with the main task by generating bilateral 

112 submaximal intermittent isometric contractions of ankle plantar flexors in a sitting position on 

113 a dynamometer. Once comfortable with the task, they were asked to perform three MVICs in 

114 ankle plantar flexion (approximately 3-5 s in duration), with a 2-min interval between each 

115 MVIC. During each MVIC, one doublet stimulus was delivered at the maximum (plateau) of 

116 the MVIC torque to record a superimposed doublet torque (the dominant leg). Immediately 

117 after each MVIC, one doublet stimulus and then one singlet stimulus were delivered with a 2-

118 s interval while the ankle plantar flexors were at rest in order to measure resting singlet/doublet 

119 twitch peak torque. After these pre-fatigue measures, participants performed a sustained 

120 isometric ankle plantarflexion with both legs in a sitting position until task failure in order to 

121 produce plantar flexors fatigue (see below for details). Post-fatigue MVICs were then 

122 performed after 1, 2, 5, and 10 min of recovery following the fatiguing exercise. Doublet and 

123 singlet electrical stimuli were delivered during and after each MVIC as was done for the pre-

124 fatigue measures, as well as immediately after the exercise (Fig 1). 

125

126 Fig 1. Schematic representation of the experimental procedure. The supramaximal 

127 intensity of singlet electrical stimuli generating maximal twitch torque (circled) was set before 

128 the pre-fatigue measures. The supramaximal intensity was maintained for all subsequent singlet 

129 and doublet stimuli. Submaximal voluntary isometric contractions (SVICs) for familiarization 

130 trials were performed. Superimposed twitch torque (STT) induced by doublet stimuli at the 

131 maximum (plateau) of maximal voluntary isometric contractions (MVICs), and resting doublet 

132 twitch torque (RDTT) and resting singlet twitch torque (RSTT) immediately after MVICs and 
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133 at the end of the fatiguing exercise were recorded.

134 MVIC and twitch torque recording 

135 A dynamometer (Biodex System 3 Pro ®, Biodex medical systems, Shirley, USA) was 

136 used to record MVIC peak torque, superimposed twitch torque, and resting doublet and singlet 

137 twitch peak torque (all isometric). Participants sat on the dynamometer chair with their legs 

138 extended forward and both feet placed on the footplate (aligning the external malleoli with the 

139 center of rotation of the leg apparatus). Their feet, chest, and thighs were secured with non-

140 elastic straps. 

141 Electrical stimulation

142 Two stimulating electrodes (diameter: 8 mm) were placed longitudinally along the 

143 length of the posterior tibial nerve in the popliteal fossa of the dominant leg. A constant current 

144 stimulator (Digitimer DS7AH, Digitimer Ltd, Hertfordshire, United Kingdom) delivered single 

145 (pulse duration = 200 µs) and doublet electrical pulses (two consecutive singlet stimuli 

146 separated by 10 ms). In order to determine a supramaximal intensity before the pre-fatigue 

147 measurements, singlet stimulus intensity was increased until an increase in voltage no longer 

148 generated an increment in twitch torque amplitude. The voltage was then increased by 10 to 

149 15% to ensure supramaximal intensity, which was maintained for all subsequent stimuli.

150 Fatiguing exercise protocol 

151 A sustained isometric exercise protocol was performed to produce fatigue of ankle 

152 plantar flexors. Participants were asked to sit on the dynamometer and keep pushing the 

153 footplate (plantarflexion) with both feet for as long as possible while producing a target torque 
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154 corresponding to 30% of MVIC torque represented by a cursor on a computer screen. The 

155 fatiguing protocol stopped when participants no longer produced and maintained the target 

156 torque for 3 consecutive seconds, at which point a superimposed doublet was provided to 

157 estimate voluntary activation at the end of the fatigue task (before the participants were told to 

158 relax). Verbal encouragement was given throughout the fatiguing exercise.

159 Data analysis

160 MVIC peak torque, voluntary activation, peak torque of resting singlet and doublet 

161 twitches, half relaxation time of singlet and doublet twitch torques, and a low frequency fatigue 

162 ratio were obtained before, immediately after the fatiguing exercise (or at the end of the 

163 exercise for voluntary activation only), and throughout a 10-min recovery period (1, 2, 5, and 

164 10 min). The half-relaxation time is the time from the twitch peak torque to a 50% reduction 

165 in torque amplitude (28). Low frequency fatigue is quantified by a ratio of resting singlet twitch 

166 peak torque to resting doublet twitch peak torque (11). Voluntary activation was calculated 

167 using the formula (3): 

168
𝑉𝑜𝑙𝑢𝑛𝑡𝑎𝑟𝑦 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 100 × [1 ― (𝑠𝑢𝑝𝑒𝑟𝑖𝑚𝑝𝑜𝑠𝑒𝑑 𝑑𝑜𝑢𝑏𝑙𝑒𝑡 𝑡𝑤𝑖𝑡𝑐ℎ 𝑡𝑜𝑟𝑞𝑢𝑒

÷ 𝑟𝑒𝑠𝑡𝑖𝑛𝑔 𝑑𝑜𝑢𝑏𝑙𝑒𝑡 𝑡𝑤𝑖𝑡𝑐ℎ 𝑡𝑜𝑟𝑞𝑢𝑒)]  

169 Statistical analysis 

170 Minimum sample size required was calculated using G* power (version 3.1.9.4) and 

171 shown to be at least 10 participants per group, with a power of 0.95, an effect size of 0.71, and 

172 alpha of 0.05. The effect size was estimated from existing data, with respect to sex differences 

173 in fatigue-induced reductions in voluntary activation (19).

174 Mixed-model ANOVAs with one between-subjects (sex: males vs. females) and one 
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175 within-subjects [repeated measures (fatigue): pre-fatigue vs. fatigue (immediately or at the end 

176 of the exercise) vs. recovery period (1, 2, 5, and 10 min)] factor, were used to analyze the effect 

177 of fatigue, sex, and their interaction on the following dependent variables: MVIC peak torque, 

178 resting singlet/doublet twitch peak torque, voluntary activation, low frequency fatigue ratio and 

179 half-relaxation time of resting singlet/doublet twitch torque. In cases where Mauchly's test of 

180 Sphericity (within-subjects effect) was significant, the Greenhouse-Geisser correction was 

181 used to determine significance. Pairwise comparisons and t-tests (independent) were performed 

182 as appropriate/when significance was detected from the ANOVAs using a Bonferroni 

183 correction. A Pearson correlation analysis and a multiple linear regression analysis were also 

184 performed to assess the association/contribution of changes in voluntary activation (central 

185 fatigue) and twitch torque (peripheral fatigue) to changes in MVIC torque after 1 min of 

186 recovery. The alpha level chosen for all analyses was set at 0.05.

187

188 Results

189 Sex effect

190 There were some differences between males and females. Males presented with 

191 ~48%, ~89%, and ~80% greater values compared with women for MVIC torque, doublet 

192 torque and singlet torque respectively (Figs 2-4, Table 1). Doublet and singlet half-relaxation 

193 times were significantly longer by 20% (doublet) and about 27% (singlet) in women 

194 compared with men (Figs 5 and 6, Table 1). No significant sex effect was found for VA, and 

195 LFF ratio (Figs 7 and 8, Table1). The time needed to reach the 70% decrement in MVIC 
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196 torque (fatigue task duration) was somewhat longer in females (229  76 s) than males (189  

197 64 s). However, this did not reach statistical significance (t = -1.12, p = 0.28).

198

199 Table 1. Statistical results of the 2-way ANOVAs.

Fatigue Sex Fatigue X Sex

Variables 
F P-value

Partial 

Eta2
F P-value

Partial 

Eta2
F

P 

value

Partial 

Eta2

MVIC torque 30.90 <0.001 0.58 12.92 0.002 0.37 4.24 0.02 0.16

VA 37.47 <0.001 0.63 1.72 0.204 0.08 0.61 0.61 0.03

DT 11.30 <0.001 0.34 37.63 <0.001 0.63 2.38 0.07 0.10

ST 21.56 <0.001 0.50 25.10 <0.001 0.53 1.28 0.29 0.06

LFF ratio 4.42 0.02 0.17 2.02 0.17 0.08 1.12 0.34 0.05

DTHRT 82.98 <0.001 0.79 4.16 0.05 0.16 0.12 0.93 0.01

STHRT 46.59 <0.001 0.68 5.26 0.03 0.19 1.01 0.39 0.04

200 MVIC: maximal voluntary isometric contraction; DT: resting doublet twitch peak torque; ST: resting singlet 

201 twitch peak torque; VA: voluntary activation; LFF: low frequency fatigue ratio; DTHRT: doublet twitch half-

202 relaxation time; and STHRT: singlet twitch half-relaxation time.

203

204 Fig 2. Changes in maximal voluntary isometric contraction (MVIC) peak torque with 

205 fatigue and recovery. *** (p<0.001) and ** (p<0.01) indicate a significant decrease in MVIC 

206 peak torque compared with baseline torque (Pre). There was a significant sex X fatigue 

207 interaction for MVIC peak torque, with males presenting with a greater decrease in MVC peak 

208 torque post-fatigue compared with females. Post hoc tests showed that the change from pre-

209 fatigue to 5 min of recovery was significantly greater in males compared with females (p = 

210 0.012) and approached significance for the change from pre-fatigue to 2 min of recovery (p = 

211 0.06).
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212 Fig 3. Changes in resting doublet twitch peak torque (DT) with fatigue and recovery. *** 

213 (p<0.001) indicates a significant decrease in the twitch peak torque post-exercise compared 

214 with baseline values (Pre).

215 Fig 4. Changes in resting singlet twitch peak torque (ST) with fatigue and recovery. *** 

216 (p<0.001) and * (p<0.05) indicate a significant reduction in the twitch peak torque following 

217 exercise compared with baseline values (Pre).

218 Fig 5. Changes in doublet twitch torque half-relaxation time (DTHRT) with fatigue and 

219 recovery. *** (p<0.001) indicates a significant difference in the half-relaxation time at post-

220 exercise compared with pre-exercise values (Pre).

221 Fig 6. Changes in singlet twitch half-relaxation time (STHRT) with fatigue and recovery. 

222 *** (p<0.001) and * (p<0.05) indicates a significant increase in the relaxation time at post-

223 exercise compared to pre-exercise values.

224 Fig 7. Changes in voluntary activation with fatigue and recovery. *** (p<0.001) indicates 

225 a significant decrease in the voluntary activation at post-exercise compared to pre-exercise 

226 values (Pre).

227 Fig 8. Changes in Low frequency fatigue (LFF) ratio with fatigue and recovery. * (p<0.01) 

228 and ** (p<0.01) indicate a significant reduction in the low frequency fatigue ratio from pre to 

229 post-exercise.

230 Fatigue effects and interactions 

231 Fatigue had a significant effect on all dependent variables, and, affected men and 

232 women similarly (no sex X fatigue interaction), except for MVIC torque (Table 1) showing a 

233 somewhat greater decline with fatigue in males (~28 %) compared with females (~22 %) (Fig 
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234 2). MVIC torque was decreased after fatigue and not fully recovered at 10 min post-fatigue 

235 (Fig 2). Measures reflecting changes in central (voluntary activation) and peripheral 

236 mechanisms (twitch torque-related variables) were all affected by fatigue, but all recovered 

237 within 5min post-fatigue (Figs 3-8). 

238 The results of the Pearson correlation and multiple regression analyses performed in 

239 an attempt to explain the change in MVIC torque 1 min after the end of the fatigue task are 

240 shown in Tables 2 and 3, respectively. Both changes in voluntary activation and twitch torque 

241 (doublet and singlet) were positively correlated with the change in MVIC torque. Furthermore, 

242 71% of the variance in MVIC torque decrease after 1 min of recovery could be explained by 

243 the multiple linear regression model, in which changes in voluntary activation and singlet 

244 twitch peak torque were identified as significant influencing factors.

245

246 Table 2. Pearson’s correlations between pre-to-post (1min) changes in MVIC torque and 
247 central/peripheral fatigue properties. 

Items r 95% CI of r p-values

MVIC and DT 0.380 0.027–0.709 0.067

MVIC and ST 0.419* -0.047–0.774 0.042

MVIC and VA 0.755** 0.406–0.891 <0.001

248 ** = p<0.01; * = p<0.05; MVIC: maximal voluntary isometric contraction; DT: resting doublet twitch peak 
249 torque; ST: resting singlet twitch peak torque; VA: voluntary activation.   

250

251

252 Table 3. Multiple linear regression model with regards to the contribution of peripheral 
253 and central fatigue parameters (predictors) to fatigue-induced changes (pre to 1min post-
254 exercise) in MVIC torque.

Dependent 
variable

Predictors R2 Adjusted R2 Significance 
F

Standardized
Coefficients

P-values
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∆MVIC 
torque

Sex
DT
ST
VA

0.710 0.649 <0.001

0.104
-0.277
0.514
0.533

0.170
0.288
0.023

<0.001
255 ∆: fatigue-induced changes; MVIC: maximal voluntary isometric contraction; DT: resting doublet twitch peak 
256 torque; ST: resting singlet twitch peak torque; VA: voluntary activation.

257

258 Discussion

259 The main aim of this study was to determine sex differences in central and peripheral 

260 fatigue produced by isometric ankle plantar flexors exercise in healthy young adults. There was 

261 a significant effect of fatigue on all variables suggesting the presence of both central and 

262 peripheral fatigue, with no significant sex differences in the observed fatigue-related changes 

263 (other than MVIC torque). 

264 Overall fatigue and sex differences

265 We observed a significant exercise-induced decrease in MVIC peak torque, which had 

266 not fully recovered 10 min following exercise completion. This is in line with previous findings. 

267 The 24% decline in MVIC torque from before to 1 min after exercise in our study is in line 

268 with a 30% reduction observed immediately after a 25% MVIC isometric exercise performed 

269 with ankle plantar flexors until failure (10). The prolonged reduction in MVIC torque up to 10 

270 min post-exercise has also been shown in studies of ankle plantarflexors (29) and other muscle 

271 groups such as elbow flexors, with reductions still shown at 10 min (21) and even 45 min (23) 

272 following sustained isometric exercise in healthy young adults.

273 Interestingly, males presented with a greater decrease (~28%) in MVIC peak torque 

274 from pre-fatigue to post-fatigue (average of the recovery period) compared with females 
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275 (~22%), possibly indicating greater fatigability in males, as found in several previous studies 

276 using sustained isometric exercise of various muscle groups, including ankle dorsiflexors 

277 (14,20–23). This sex difference is also acknowledged in review studies (12,18), which 

278 conclude that although sex differences in fatigability depend on task specific features including 

279 intensity, exercising muscles and contraction type/speed, males are usually more fatigable than 

280 females for isometric fatiguing contractions performed at a similar relative intensity. However, 

281 our results indicate that the difference in fatigability of ankle plantar flexor muscles between 

282 males and females is relatively small in comparison to other muscle groups (12). In further 

283 support of this, fatiguing exercise duration was not statistically different between males and 

284 females, although the females tended to exercise longer before reaching the set fatigue criteria 

285 (by about 40 s on average, a 17% difference between sexes).

286 The greater fatigability in males compared with females has been explained by 

287 different potential factors, which can be inter-related and include (in males): greater muscle 

288 mass and strength, greater blood flow occlusion leading to a greater accumulation of 

289 metabolites and lesser muscle perfusion, a lesser proportion of fatigue-resistant muscle fibers 

290 (type I) within skeletal muscles and a greater failure in voluntary activation (12,18). 

291 Concerning the small but significant difference reported here, it does not appear to be related 

292 to strength, as there was no association between MVIC torque and time to fatigue (r = -0.15; p 

293 = 0.48). Because ankle plantar flexor muscles can present with lesser differences in relative 

294 area of type I muscle fibers between males and females compared with other muscle groups 

295 (30–33), this could explain, at least in part, the smaller difference in fatigability between the 

296 two groups reported in the present study. In contrast with other lower extremity muscle groups 

297 (14,19), no sex difference in central fatigue were observed in the present study, thus eliminating 
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298 this factor as a major contributor to the somewhat greater fatigability of males we report.

299 Central fatigue 

300 We found a significant decrease in voluntary activation at the end of the fatigue task, 

301 when participants were assumed to be producing a maximal effort but failing to reach the 30% 

302 of MVIC target (torque). Even though voluntary activation was approximately 7 % and 5 % 

303 lower than before fatigue after 1 and 2 min of recovery, post hoc tests failed to detect significant 

304 differences between pre-fatigue values and any values during the recovery period. These results 

305 are partly in line with previous findings showing reduced voluntary activation of ankle plantar 

306 flexor muscles immediately after a sustained 25% MVIC until exhaustion (10) and up to at 

307 least 2 min post-exercise involving intermittent bilateral MVICs until torque decreased by 50% 

308 (29). In the present study, voluntary activation was recovered (statistically) 1 min after the 

309 termination of the fatigue task. A rapid recovery of the voluntary activation has been shown in 

310 previous studies (e.g. Bilodeau 2006 (34)). Our findings did not show a significant sex 

311 difference in central fatigue, even though males had a somewhat more pronounced decrease in 

312 voluntary activation and slower recovery compared with females (Fig 7). This lack of a 

313 significant difference between sexes could be explained by the greater variability in voluntary 

314 activation observed in post-fatigue of males. However, in contrast to what has been reported 

315 for other lower extremity muscle groups (e.g., leg extensors and ankle dorsiflexors) (14,19), 

316 ankle plantarflexor muscles may not exhibit an important sex difference with regards to the 

317 extent of central fatigue, at least for a relatively low-level sustained isometric fatigue task. 

318 Interestingly, the results of the multiple regression analysis (Tables 3) suggest that central 

319 fatigue was as important as peripheral fatigue in explaining the decreased MVIC torque at 1 

320 min post-fatigue. Thus, it appears that the somewhat greater fatigability of males shown here 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


 

16

321 could involve both central and peripheral factors, even though no significant sex X fatigue 

322 interactions were found when those factors are taken in isolation (see also next section).

323

324 Peripheral fatigue 

325 Our results showed fatigue effects on twitch contractile properties, as reported in 

326 previous studies: reduced singlet/doublet twitch peak torques (8,20,22), decreased low 

327 frequency fatigue ratio (11,35), and increased singlet and doublet twitch half-relaxation time 

328 (9,10,19,36). These changes reflect potential alterations in neurotransmission and/or 

329 excitation–contraction coupling mechanisms and reflect the presence of peripheral fatigue 

330 (1,37). More specifically, the 19% reduction in doublet twitch peak torque immediately post-

331 exercise observed here (Fig 3) is in accordance with prior results from our group (10) using a 

332 similar fatigue criterion (25% MVIC) in the same muscle group, with a 10% fatigue-induced 

333 reduction in doublet twitch peak torque. A sustained reduction in singlet twitch torque up to 10 

334 min post-exercise is also in line with previous findings (14) showing a 14-min sustained 

335 decrease in singlet twitch force following exercise of ankle dorsiflexors. Such decreases in 

336 twitch peak torque potentially reflect metabolic inhibition of the muscle contractile processes, 

337 such as resulting from the fall in pH level within the fatigued muscle (38). Also, a decrease in 

338 the low frequency fatigue ratio was statistically noted by 1min after the fatigue task (Fig 8). 

339 This reduction potentially indicates decreased Ca 2+ release from the sarcoplasmic reticulum 

340 and a related decrease in the amount of Ca 2+ binding to myofilaments possibly limiting the 

341 amount of muscle force produced (11,35). 

342 Significant increases in doublet and singlet half-relaxation time were shown by 1 min 

343 after exercise (Figs 5 and 6). Such slowing of muscle relaxation may result from slowing of Ca 
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344 2+ re-uptake by the sarcoplasmic reticulum and slowed Ca2+ detachment from myofilaments 

345 (39,40). Doublet and singlet half-relaxation times were also found to be longer in females than 

346 males. This is consistent with previous literature (19,20,36) and has been explained by a greater 

347 type I muscle fiber area in females or by differences in other mechanisms involved in muscle 

348 relaxation, including Ca2+ re-uptake and Ca2+ detachment mentioned above. However, such 

349 difference was not accompanied by different changes in half-relaxation time with fatigue 

350 between males and females in the present study. Again, it is possible that the difference in 

351 relative area of type I muscle fibers between males and females in ankle plantar flexors 

352 compared with other muscle groups (30–33) may not be important enough to lead to a sex 

353 difference in fatigue-related changes in twitch half-relaxation time.

354

355 Conclusion

356  This study aimed to determine potential differences between males and females in 

357 central and peripheral fatigue of ankle plantar flexor muscles in healthy young adults. 

358 Altogether, our findings showed no major differences in central or peripheral fatigue between 

359 males and females to explain a somewhat greater fatigability in males.

360

361 Supporting information

362 S1 file. Data set. This data includes maximal voluntary isometric contraction voluntary (MVIC) 

363 torque and central/peripheral fatigue variables which were collected before and immediately 

364 after exercise (or at the end of exercise), and recovery period (1, 2, 5 10 min), as well as the 
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365 time to fatigue.

366

367 Author contributions

368 Conceptualization: Donguk Jo, Miriam Goubran, Martin Bilodeau. 

369 Data curation: Donguk Jo, Miriam Goubran. 

370 Formal analysis: Donguk Jo, Martin Bilodeau

371 Funding Acquisition: Martin Bilodeau

372 Investigation: Donguk Jo, Miriam Goubran, Martin Bilodeau. 

373 Methodology: Donguk Jo, Miriam Goubran, Martin Bilodeau. 

374 Project administration: Donguk Jo, Miriam Goubran, Martin Bilodeau.

375 Resources: Martin Bilodeau

376 Software: Donguk Jo, Martin Bilodeau

377 Validation: Donguk Jo, Miriam Goubran, Martin Bilodeau

378 Visualization: Donguk Jo

379 Writing (original draft): Donguk Jo, Martin Bilodeau.

380 Writing (review/edits): Donguk Jo, Miriam Goubran, Martin Bilodeau.  

381

382 References

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


 

19

383 1. Hunter SK. Performance fatigability: Mechanisms and task specificity. Cold Spring 

384 Harb Perspect Med. 2018;8(7):a029728. 

385 2. Bigland-Ritchie BR, Woods JJ, Bigland‐Ritchie B. Changes in muscle contractile 

386 properties and neural control during human muscular fatigue. Muscle Nerve. 

387 1984;7:691–9. 

388 3. Gandevia SC. Spinal and Supraspinal Factors in Human Muscle Fatigue. Physiol Rev 

389 [Internet].  2001;81(4):1725–89. Available from: 

390 http://www.physiology.org/doi/10.1152/physrev.2001.81.4.1725

391 4. Taylor JL, Amann M, Duchateau J, Meeusen R, Rice CL. Neural contributions to muscle 

392 fatigue: From the brain to the muscle and back again. Med Sci Sports Exerc. 

393 2016;48(11):2294–306. 

394 5. Merton PA. Voluntary strength and fatigue. J Physiol. 1954;123(3):553–64. 

395 6. Belanger AY, McComas AJ. Extent of motor unit activation during effort. J Appl 

396 Physiol Respir Environ Exerc Physiol. 1981;51(5):1131–5. 

397 7. Herbert RD, Gandevia SC. Twitch interpolation in human muscles: Mechanisms and 

398 implications for measurement of voluntary activation. J Neurophysiol. 

399 1999;82(5):2271–83. 

400 8. Taylor JL, Gandevia SC. A comparison of central aspects of fatigue in submaximal and 

401 maximal voluntary contractions. J Appl Physiol. 2008;104(2):542–50. 

402 9. Smith-Ryan AE, Ryan ED, Fukuda DH, Costa PB, Cramer JT, Stout JR. The effect of 

403 creatine loading on neuromuscular fatigue in Women. Med Sci Sports Exerc. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


 

20

404 2014;46(5):990–7. 

405 10. Boyas S, Remaud A, Rivers E, Bilodeau M. Fatiguing Exercise Intensity Influences the 

406 Relationship between Parameters Reflecting Neuromuscular Function and Postural 

407 Control Variables. PLoS One. 2013;8(8):e72482–e72482. 

408 11. Vøllestad NK. Measurement of human muscle fatigue. J Neurosci Methods. 

409 1997;74(2):219–27. 

410 12. Hunter SK. The relevance of sex differences in performance fatigability. Med Sci Sports 

411 Exerc. 2016;48(11):2247–56. 

412 13. Dearth DJ, Umbel J, Hoffman RL, Russ DW, Wilson TE, Clark BC. Men and women 

413 exhibit a similar time to task failure for a sustained, submaximal elbow extensor 

414 contraction. Eur J Appl Physiol. 2010;108(6):1089–98. 

415 14. Russ DW, Kent-Braun JA. Sex differences in human skeletal muscle fatigue are 

416 eliminated under ischemic conditions. J Appl Physiol. 2003;94(6):2414–22. 

417 15. Pincivero DM, Gandaio CB, Ito Y. Gender-specific knee extensor torque, flexor torque, 

418 and muscle fatigue responses during maximal effort contractions. Eur J Appl Physiol. 

419 2003;89(2):134–41. 

420 16. Yoon T, Doyel R, Widule C, Hunter SK. Sex differences with aging in the fatigability 

421 of dynamic contractions. Exp Gerontol. 2015;70:1–10. 

422 17. Russ DW, Lanza IR, Rothman D, Kent-Braun JA. Sex differences in glycolysis during 

423 brief, intense isometric contractions. Muscle and Nerve. 2005;32(5):647–55. 

424 18. Hunter SK. Sex differences in human fatigability: Mechanisms and insight to 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


 

21

425 physiological responses. Acta Physiol. 2014;210:768–89. 

426 19. Martin PG, Rattey J. Central fatigue explains sex differences in muscle fatigue and 

427 contralateral cross-over effects of maximal contractions. Pflugers Arch Eur J Physiol. 

428 2007;454(6):957–69. 

429 20. Kavanagh JJ, Smith KA, Minahan CL. Sex differences in muscle activity emerge during 

430 sustained low-intensity contractions but not during intermittent low-intensity 

431 contractions. Physiol Rep. 2020;8(7):1–14. 

432 21. Hunter SK, Butler JE, Todd G, Gandevia SC, Taylor JL. Supraspinal fatigue does not 

433 explain the sex difference in muscle fatigue of maximal contractions. J Appl Physiol. 

434 2006;101(4):1036–1044. 

435 22. Akagi R, Sato S, Yoshihara K, Ishimatsu H, Ema R. Sex difference in fatigability of 

436 knee extensor muscles during sustained low-level contractions. Sci Rep [Internet]. 

437 2019;9(1):1–11. Available from: http://dx.doi.org/10.1038/s41598-019-53375-z

438 23. Albert WJ, Wrigley AT, McLean RB, Sleivert GG. Sex differences in the rate of fatigue 

439 development and recovery. Dyn Med. 2006;5:1–10. 

440 24. Yoon T, Delap BS, Griffith EE, Hunter SK. Mechanisms of fatigue differ after low- and 

441 high-force fatiguing contractions in men and women. Muscle and Nerve. 

442 2007;36(4):515–24. 

443 25. Henry M, Baudry S. Age-related changes in leg proprioception: Implications for 

444 postural control. J Neurophysiol. 2019;122(2):525–38. 

445 26. Meinders M, Gitter A, Czerniecki JM. The role of ankle plantar flexor muscle work 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


 

22

446 during walking. Scand J Rehabil Med. 1998;30(1):39–46. 

447 27. Baecke JAH, Burema J, Frijters JER. A short questionnaire for the measurement of 

448 habitual physical activity in epidemiological studies. Am J Clin Nutr. 1982;36:936–42. 

449 28. Froyd C, Beltrami FG, Jensen J, Noakes TD. Potentiation increases peak twitch torque 

450 by enhancing rates of torque development and relaxation. J Hum Kinet. 2013;38:83–94. 

451 29. Kennedy A, Hug F, Bilodeau M, Sveistrup H, Guével A. Neuromuscular fatigue induced 

452 by alternating isometric contractions of the ankle plantar and dorsiflexors. J 

453 Electromyogr Kinesiol. 2011;21(3):471–7. 

454 30. Larsson B, Kadi F, Lindvall B, Gerdle B. Surface electromyography and peak torque of 

455 repetitive maximum isokinetic plantar flexions in relation to aspects of muscle 

456 morphology. J Electromyogr Kinesiol. 2006;16(3):281–90. 

457 31. Coggan AR, Spina RJ, King DS, Rogers MA, Brown M, Nemeth PM, et al. 

458 Histochemical and enzymatic comparison of the gastrocnemius muscle of young and 

459 elderly men and women. Journals Gerontol. 1992;47(3):B71–6. 

460 32. Miller AEJ, MacDougall JD, Tarnopolsky MA, Sale DG. Gender differences in strength 

461 and muscle fiber characteristics. Eur J Appl Physiol Occup Physiol. 1993;66(3):254–

462 62. 

463 33. Staron RS, Hagerman FC, Hikida RS, Murray TF, Hostler DP, Crill MT, et al. Fiber 

464 type composition of the vastus lateralis muscle of young men and women. J Histochem 

465 Cytochem. 2000;48(5):623–9. 

466 34. Bilodeau M. Central fatigue in continuous and intermittent contractions of triceps 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


 

23

467 brachii. Muscle and Nerve. 2006;34(2):205–13. 

468 35. Keeton RB, Binder-Macleod SA. Low-frequency fatigue. Phys Ther. 2006;86(8):1146–

469 50. 

470 36. Kent-Braun J, Ng A, Doyle J, Towse T. Human skeletal muscle responses vary with age 

471 and gender during fatigue due to incremental isometric exercise. J Appl Physiol. 

472 2002;93(5):1813–182. 

473 37. Michaut A, Pousson M, Millet G, Belleville J, Van Hoecke J. Maximal voluntary 

474 eccentric, isometric and concentric torque recovery following a concentric isokinetic 

475 exercise. Int J Sports Med. 2003;24 (1), p.(1):51–6. 

476 38. Kent-Braun JA. Central and peripheral contributions to muscle fatigue in humans during 

477 sustained maximal effort. Eur J Appl Physiol Occup Physiol. 1999;80(1):57–63. 

478 39. Neyroud D, Cheng AJ, Bourdillon N, Kayser B, Place N, Westerblad H. Muscle Fatigue 

479 Affects the Interpolated Twitch Technique When Assessed Using Electrically-Induced 

480 Contractions in Human and Rat Muscles. Front Physiol. 2016;7:.252-252. 

481 40. Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: cellular mechanisms. 

482 Physiol Rev [Internet]. 2008;88(1):287–332. Available from: 

483 http://physrev.physiology.org/content/88/1/287.short 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458912doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458912
http://creativecommons.org/licenses/by/4.0/

