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ABSTRACT:  21 

Introduction: Fatigue-related group III/IV muscle afferent firing from agonist, antagonist or 22 

distal muscles impairs the ability to drive the elbow flexors maximally, i.e. reduces voluntary 23 

activation. In the lower limb, the effect of feedback from distal muscles on the proximal knee 24 

extensors is unknown. Here we test whether maintained group III/IV afferent feedback from 25 

the plantarflexor muscles reduces voluntary activation of the knee extensors. 26 

Methods: On two days, voluntary activation of the knee extensors during maximal voluntary 27 

contractions (MVCs) was assessed in 12 participants before and after a 3-min fatiguing task 28 

of the plantarflexors. On one day, an inflatable cuff around the calf occluded blood flow for 29 

two mins immediately post-exercise (cuff day). The other day had no occlusion (no-cuff day). 30 

Supramaximal stimulation of the femoral nerve elicited superimposed twitches during MVCs 31 

of the knee extensors and resting twitches 2-3 s after relaxation. Pain (0-10 point scale) was 32 

reported throughout. 33 

Results: In the 2 min after the 3-min fatiguing plantarflexor task, voluntary activation was 34 

5.3% (SD 7) lower on the cuff day than on the no-cuff day (P=0.045), and MVC force was 35 

reduced by 13% (SD 16) (P=0.021). The resting twitch was similar on both days (P=0.98). 36 

Pain rated 4.9 points higher with the cuff inflated (P=0.001). 37 

Conclusion: Maintained group III/IV afferent feedback from the fatigued plantarflexor 38 

muscles reduced maximal force and voluntary activation of the unfatigued knee extensors 39 

suggesting that afferents from the calf act centrally to inhibit the ability to drive the 40 

motoneurones of the knee extensors.   41 
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Introduction: 42 

During fatiguing exercise, mechanical and metabolic perturbations within the muscle result in 43 

increased firing of small-diameter group III/IV muscle afferents (1, 2). The firing of these 44 

afferents gives rise to sensations of muscle work and pain (3, 4) and can evoke widespread 45 

effects in the nervous system. Their firing can be evoked by fatiguing contractions, as well as 46 

by the injection of metabolites commonly present in the muscle during fatiguing contractions 47 

such as ATP, lactate, and hydrogen ions (3). Cardiorespiratory consequences of group III/IV 48 

afferent firing include reflex increases in ventilation, blood pressure, and heart rate which 49 

function to increase oxygen delivery to working muscles (5-8). During high-intensity 50 

exercise, high levels of group III/IV afferent firing are associated with suboptimal 51 

motoneuronal output and decreased voluntary activation (9-11). Group III/IV muscle 52 

afferents project to the dorsal horn of spinal cord (12-14) before projecting to higher spinal 53 

and supraspinal levels (15-19). It is suggested that these afferents can act supraspinally to 54 

affect motor cortical output (11, 20). In addition, they inhibit the excitability of motoneurones 55 

of extensor muscles, as seen for the elbow extensors (21). A high level of afferent firing can 56 

be maintained post-exercise by occlusion of blood flow to the exercised limb to block the 57 

clearance of metabolites from the muscle (22). 58 

With fatiguing exercise, there is a progressive reduction in the maximal voluntary force that 59 

can be produced with the fatigued muscle or muscle group. Processes in the muscle and also 60 

in the nervous system contribute to the reduction. Central fatigue, the contribution of the 61 

nervous system to muscle fatigue, is defined as a progressive exercise-induced reduction in 62 

voluntary activation, i.e., the ability to drive a muscle or muscle group maximally during a 63 

voluntary contraction (23). Firing of group III/IV muscle afferents is one contributor to 64 

decreased voluntary activation of the fatigued muscle. For the knee extensors, voluntary 65 

activation decreases during fatiguing exercise and remains lower during periods of post-66 
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exercise blood flow occlusion which maintains firing of the group III/IV muscle afferents 67 

(24). Similar effects are seen for the elbow flexor and the thumb adductor muscles (11, 20, 68 

25). 69 

The effects of group III/IV muscle afferents are not confined to muscles where the feedback 70 

originates, but have been shown to act on some nearby non-fatigued muscles. For the knee 71 

extensors, occlusion after a 2-min MVC of the antagonist knee flexor muscles resulted in 72 

decreased voluntary activation and maximal force (24). A similar relationship between 73 

fatigue of an antagonist muscle and reduction in voluntary activation has also been shown 74 

from the elbow extensors to elbow flexors (11). Additionally, for the upper arm, more remote 75 

effects have also been reported. Maintained firing of group III/IV muscle afferents of distal 76 

muscles (hand muscles) resulted in reductions in voluntary activation of the elbow flexors of 77 

the same arm (25). However, for the leg, it is unknown if the more distal muscles can affect 78 

the proximal muscles of the thigh. Any effects of fatigue-related feedback from the calf 79 

muscle could be of interest to exercising and patient populations. For patient populations 80 

characterised by low muscle perfusion, such as peripheral artery disease, pain due to 81 

claudication is common, especially in the calf muscles (26, 27). Thus, effects of this sensory 82 

feedback on motor performance of other muscle groups of the lower limb may be important 83 

for understanding poor movement quality and increased risk of falls. 84 

Therefore, the aim of the current experiment was to assess maximal voluntary force and 85 

voluntary activation of the knee extensor muscles after fatiguing exercise of the 86 

plantarflexors. To determine whether fatigue-related afferent feedback from the calf impairs 87 

knee extensor performance, blood flow occlusion was applied to the lower leg after 88 

plantarflexor exercise to maintain afferent feedback. We hypothesised that, as in the arm, 89 

increased firing of muscle afferents from distal muscles of the leg would cause reductions in 90 
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voluntary activation and maximal force of proximal muscles of the same limb. That is the 91 

force and voluntary activation would be lower with the cuff inflated. 92 

Materials and methods: 93 

Participants 94 

Twelve healthy participants (8 males, 4 females) with an average age of 27.1 (SD 1.5) years 95 

(mean and standard deviation) were recruited for the study. The participants were tested on 96 

two separate days (with or without post-exercise blood flow occlusion) with the order of 97 

conditions chosen by block randomisation. All studies were approved by Human Research 98 

Ethics Committee at the University of New South Wales. Written informed consent was 99 

obtained from each of the participants. The sample size estimation was based on data from 100 

Kennedy et al. 2014 (25). The number of 12 participants was chosen to show an effect size 101 

around 0.564 (partial eta squared) for an effect of condition on voluntary activation. 102 

Experimental setup 103 

Participants were seated in a custom-built chair with hips at 80 degrees (0 is extended neutral 104 

position) and left knee at 85 degrees (knee fully extended is 0 degrees) (Figure 1A). For knee 105 

extension contractions, the left leg was secured between restraints which fastened around the 106 

lower leg just above the malleolus and pulled taut both backwards and forwards. The ankle 107 

was able to hang freely, in a comfortable position for the participant. In addition, an 108 

adjustable strap was placed over the upper thigh and was tightened to secure the participant 109 

during the contractions. Knee extension force was measured with a linear strain gauge (linear 110 

to 2 kN; XTran, Melbourne, Australia) attached in line with the restraint behind the ankle. 111 

For plantarflexor contractions, the left foot was placed on a foot-plate and an adjustable strap 112 

was placed over the distal thigh, 4-6 cm proximal to the superior border of the patella 113 

(Figure 1B). The foot-plate and foot were positioned so that the knee joint was directly over 114 
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the ankle joint with both joints at 90 degrees. Plantarflexion force was measured with a linear 115 

strain gauge (linear to 2 kN; XTran, Melbourne, Australia) between the foot-plate and the 116 

ground. To measure muscle activity, electromyograms (EMG) of the three superficial 117 

quadriceps muscles, vastus medialis (VM), vastus lateralis (VL), and rectus femoris (RF), as 118 

well as the soleus were recorded. For each muscle two Ag-AgCl electrodes (20 mm diameter 119 

Conmed ClearTrace ECG Sensor Electrodes Utica, NY) were arranged in a bipolar fashion 120 

along the muscle. The VM electrodes were placed at two centimetres and seven centimetres 121 

proximal to the superior medial border of the patella. The VL electrodes were placed at 75% 122 

and 70% of the distance from the anterior superior iliac spine to the lateral border of the 123 

patella. The RF electrodes were placed at 60% and 55% of the distance from the anterior 124 

superior iliac spine to the superior border of the patella. Soleus electrodes were placed 60% 125 

and 55% of the distance from the popliteal fossa to the medial malleolus. Placement of 126 

electrodes was confirmed with palpation during brief knee extension or plantar flexion 127 

contractions. A 70 mm by 40 mm (3M Universal Electrosurgical Pad, AUS) reference 128 

electrode was placed across the patella. Force and EMG signals were recorded using a 16-bit 129 

A/D converter (CED 1401; Cambridge Electronic Design Ltd, Cambridge, UK) and Spike2 130 

software (v. 7.12 Cambridge Electronic Design). Force and EMG signals were sampled at 131 

1000 and 2000 Hz, respectively. EMG signals were bandpass filtered (16 - 1000 Hz) and 132 

amplified (x100) prior to sampling using CED 1902 amplifiers (Cambridge Electronic 133 

Design). During the experiment, participants were given visual feedback of knee extension 134 

force or soleus root mean square EMG (rmsEMG) activity, which was computed using 135 

Spike2 and displayed on an external monitor. For feedback, soleus EMG signal was root 136 

mean square processed and median filtered in real-time using a 40 ms time constant. 137 
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Femoral nerve stimulation.  138 

Single electrical stimuli (500 µs pulse width) were delivered to the femoral nerve via a 139 

constant current stimulator (DS7AH, Digitmer, Welwyn Garden City, UK) to elicit force 140 

twitches from the knee extensor muscles for measuring voluntary activation. A custom-made 141 

cathode (20 mm diameter circular probe) was placed over the femoral nerve at the level of the 142 

inguinal ligament over the femoral triangle, and secured with an adjustable strap. The anode, 143 

70 mm by 40 mm electrode (3M Universal Electrosurgical Pad, Australia), was placed along 144 

the iliac crest on the left gluteus minimus. Stimulation intensity was set at 150% of the 145 

current required to get a maximal compound muscle action potential (M-wave), as measured 146 

by peak-to-peak amplitude, in all three measured superficial quadriceps muscles 147 

(range 65-240 mA, median 110 mA). Stimulation was delivered during maximal voluntary 148 

contractions of the knee extensors to evoke superimposed twitches and with the muscles at 149 

rest (resting twitch). 150 

Blood flow occlusion.  151 

A standard double bladder adult arm cuff (length 45 cm, width 15 cm) was placed around the 152 

lower left leg, just below the knee joint, and when required the top bladder (width 6 cm) was 153 

inflated with compressed air to a pressure of 300 mmHg to occlude circulation to the leg. 154 

The cuff was briefly inflated during two of the four baseline MVCs, and then for 2 min after 155 

the fatiguing protocol on the cuff day (Figure 1C). 156 

Experimental procedures 157 

The procedures for the two days of the experiment were identical apart from the inflation of a 158 

cuff around the lower leg during the 2 min immediately following the fatiguing protocol of 159 

the plantarflexors (cuff day) (Figure 1C). Once stimulus intensity was set, participants 160 

performed several knee extensor contractions of increasing force, then two to three maximal 161 

voluntary contractions (MVC) as a warm up and familiarisation. Participants then performed 162 
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four MVCs of the knee extensors separated by 2-min rest periods. Twitches were evoked 163 

from the quadriceps muscles via femoral nerve stimulation during each MVC and with the 164 

muscles at rest, ~2 s after the MVC. For two of the MVCs, the cuff was inflated around the 165 

top of the calf prior to the MVC and deflated after the resting twitch. After the completion of 166 

baseline MVCs, the lower leg was placed in the plantarflexor set up and participants then 167 

performed two brief plantarflexor MVCs, followed by a 4 s contraction at 70% of the highest 168 

MVC recorded. The average level of rmsEMG activity recorded from the soleus during the 169 

70% MVC contraction was then used as the target for the fatiguing task of plantarflexors and 170 

was visually displayed to the participant in real-time. Soleus was chosen to represent 171 

plantarflexor activity although other muscles, like gastrocnemius and the toe flexors, would 172 

also contribute to force output. The 3-min fatiguing task consisted of forty-five plantarflexor 173 

contractions held for 3-s with 1-s rest between contractions. Audio cues were provided to 174 

maintain cadence. At the end of the task, the plantarflexor set up was removed before knee 175 

extensor MVCs were performed. The knee extensor MVCs were performed at 40 s, 65 s, 90 s 176 

and 115 s. As with baseline MVCs, twitches were evoked during and shortly after each MVC. 177 

On the cuff day, the cuff was inflated 6 s prior to the end of the fatigue protocol and remained 178 

inflated for 2 min (Figure 1C). On the no-cuff day, the cuff remained deflated throughout. 179 

During the fatigue protocol at 20 s, 90 s and 150 s, participants were asked to rate the 180 

perceived effort (RPE) required to maintain task performance as well as pain in the 181 

plantarflexor muscles using scales from 0 - 10. Following the fatigue protocol, pain in the 182 

plantarflexors was reported after each knee extensor MVC. 183 

Data processing  184 

During off-line analysis both Spike2 (v. 7.12) and Signal software (v. 4.06) were used to 185 

determine all measures. For the knee extensors, MVC force was the highest force recorded 186 

before stimulation and rmsEMG activity for each contraction was calculated over a 200 ms 187 
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period prior to stimulation. Force was normalised to the highest MVC during baseline 188 

contractions. Voluntary activation was calculated using the following equation: 189 

voluntary activation (%) = [1 – (superimposed twitch/resting twitch)] X 100. 190 

The amplitudes of superimposed twitches and resting twitches were measured as the 191 

difference in force prior to stimulation and the peak force after stimulation. Amplitudes of the 192 

M-waves for the three quadriceps muscles were measured between cursors at the initial 193 

deflection from baseline to the second crossing of zero.   194 

Statistical Analysis  195 

Knee extensor MVCs. During baseline MVCs, two of the four baseline MVCs were 196 

performed with the cuff inflated. A two-way ANOVA was performed with factors of day and 197 

cuff to examine whether cuff inflation had an effect and if baseline MVCs were different 198 

between days. 199 

Two-way repeated measures ANOVAs with time (baseline, 40 s, 65 s, 90 s, 115 s) and day 200 

(no-cuff or cuff) as factors were used to examine the effect of maintained fatigue-related 201 

feedback during the 2 min that followed plantarflexor fatigue on knee extensor MVC force, 202 

voluntary activation, superimposed twitches, and resting twitches. Sphericity was verified by 203 

Mauchly’s test. When sphericity was violated Greenhouse-Geisser correction was applied. To 204 

compare individual time points between days and from baseline, pairwise t-tests with 205 

Bonferroni corrected P values were used. A further two-way repeated measures ANOVA 206 

with time (40 s, 65 s, 90 s, 115 s) and day (no-cuff or cuff) examined pain during the first two 207 

min post plantarflexor fatigue task. rmsEMG and M-wave data for the three quadriceps 208 

muscles were analysed with three-way repeated measures ANOVAs with day (cuff or no-209 

cuff), muscle (VL, VM, RF) and time (baseline, 40 s, 65 s, 90 s, 115 s) as the factors. Data 210 

from 2 min onwards (2:15, 3, 4 min) were not included in the analysis, as these data do not 211 
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test our hypothesis that maintained afferent feedback from the PF would lead to reduced VA 212 

in the knee extensors.   213 

Plantarflexor task. For analysis of the plantarflexor task, the 3-min task was broken into three 214 

epochs: Start (4-32 s), Middle (80-108 s) and End (144-172 s). The value of each measure for 215 

each epoch was calculated as the average of the 7 contractions that occurred in that epoch. 216 

Two-way repeated measures ANOVAs with time (Start, Middle, End) and day (no-cuff or 217 

cuff) as factors were used to compare plantarflexor force, soleus rmsEMG, RPE, pain, 218 

VL rmsEMG and RF rmsEMG. VM rmsEMG was not able to be recorded during the 219 

plantarflexor task due to the positioning of the restraint across the knee. All data in text and 220 

figures are reported as mean (SD). The significance level was set to P < 0.05. 221 

Results: 222 

Fatiguing task  223 

On each day participants performed 3 min of intermittent (3 s on, 1 s off) plantarflexor 224 

contractions to the level of soleus rmsEMG recorded during a 70% MVC force contraction. 225 

The soleus rmsEMG was well matched between days (F 1, 11 < 0.1, P = 0.87) during the 226 

3 min. At the beginning of the task, the level of soleus rmsEMG was 56.1% (SD 10.5) 227 

(Table 1) of maximal soleus rmsEMG and participants were able to maintain this level 228 

throughout the 3 min (F 2, 22 = 1.7, P = 0.2). The plantarflexor force during the 3-min task 229 

decreased by 10.7% MVC (SD 9.3) during the fatigue protocol (Table 1) showing an effect of 230 

time (F 2, 22 = 15, P < 0.001), and changed similarly on the two days as there was no effect of 231 

day (F 1, 11 = 1.9, P = 0.18). Effort (RPE) to perform the plantarflexion task increased 232 

progressively over the 3-min task from 2.9 (SD 1.7) to 6.0 (SD 1.7) (Table 1). Two-way 233 

ANOVA showed an effect of time (F 2, 22 = 43.2, P < 0.001) and no difference between days 234 
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(F 1, 11 = 0.1, P = 0.7) or interaction (F 2, 22 = 0.8, P = 0.45) for RPE rating. Muscle activity 235 

from the quadriceps muscles was minimal during the plantarflexor task (Table 1) 236 

Maximal knee extensions before and after fatiguing plantarflexion 237 

Knee extensor MVC 238 

Knee extensor MVC was 521.1 N (SD 171) at baseline with no difference between days 239 

(F 1, 11 = 0.5, P = 0.5) and no effect of cuff (F 1, 11 < 0.1, P = 0.9). Post the 3-min plantarflexor 240 

fatiguing task, the MVCs during the first 2 min were lower on the cuff day (75.9% (SD 9) of 241 

maximal MVC) than the no-cuff day (88.8% (SD 11.3); Figure. 2A). There was a main effect 242 

of day (F 1, 11 = 7.2, P = 0.021), time (F 4, 44 = 7.8, P < 0.001) and interaction (F 4, 44 = 5.1, 243 

P = 0.002). Post hoc comparisons showed that on the cuff day the MVC was lower than 244 

without the cuff at each time point (P < 0.015) during the period of cuff inflation. Compared 245 

to baseline, the MVC was significantly lower on the cuff day (P < 0.001 for all points during 246 

the period of cuff inflation) but not different on the no-cuff day (P > 0.14). 247 

Voluntary activation  248 

The voluntary activation at baseline was 77.4% (SD 8.6), with no difference between days 249 

(F 1, 11 = 0.2, P = 0.67), nor was there a difference with the cuff inflated (F 1, 11 = 0.02, 250 

P = 0.9). Analysis of the baseline values and those during the first 2 min post fatiguing task 251 

showed an effect of day (F 1, 11 = 5.1, P = 0.045), but no effect of time (F 4, 44 = 1.0, P = 0.39), 252 

or an interaction (F 4, 44 = 1.5, P = 0.2) (Figure 2B). Voluntary activation was lower on the 253 

cuff day than the no-cuff day by an average of 5.3% (SD 7). Post hoc analysis showed that on 254 

the cuff day, activation for the second and third post-fatigue MVCs were significantly lower 255 

when compared to the no-cuff day (P < 0.014). 256 
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Superimposed twitch 257 

The average superimposed twitch at baseline was 38.3 N (SD 18.5) and was not different 258 

between days (F 1, 11 = 2.9, P = 0.114) or with and without cuff inflation (F 1, 11 = 0.3, 259 

P = 0.6). Analysis of the baseline values and those during the first 2 min of recovery showed 260 

main effects of time (F 4, 44 = 3.7, P = 0.01) and day (F 1, 11 = 6.7, P = 0.025) but no 261 

interaction (F 4, 44 = 1.1, P = 0.37; Figures 2C and 3). During the 2 min after the fatiguing 262 

task, the superimposed twitches on the cuff day were larger than on the no-cuff day for the 263 

last three MVCs (P < 0.021). The superimposed twitches were larger than baseline on the 264 

cuff day during the 4th MVC (P < 0.003). 265 

Resting Twitch 266 

The resting twitches, which were elicited after each MVC, were on average 171 N (SD 38.4) 267 

at baseline with a difference between days (F 1, 11 = 5.6, P = 0.037) but no difference with the 268 

cuff (F 1, 11 = 0.1, P = 0.7) (Figure 2D). Two-way ANOVA, including the baseline values and 269 

those in the 2 min after the fatiguing task, showed an effect of time (F 4, 44 = 6, P < 0.001) but 270 

no effect of day (F 1, 11 < 0.01, P = 0.95). There was a significant interaction (F 4, 44 = 6.6, 271 

P < 0.001). At baseline, the amplitude of the resting twitch on the cuff day was higher than on 272 

the no-cuff day (P = 0.004). On the cuff day, the twitch amplitude was significantly lower 273 

than baseline for the first two measures after the fatiguing task (P < 0.043). On the no-cuff 274 

day the twitch amplitude was significantly higher than baseline on the last two measures of 275 

the first two mins (P < 0.048). 276 

Pain 277 

Pain rated in the calf increased during the 3-min fatiguing plantarflexion exercise from 278 

0.6 (SD 1), extremely weak, to 3.6 (SD 2.6), moderate/strong (Figure 4). Two-way ANOVA 279 

showed an effect of time (F 2, 22 = 27.8, P < 0.001), with no effect of day (F 1, 11 = 0.9, 280 

P = 0.3). During the first 2 min of recovery, the average pain rating was 6.1 (SD 3), strong to 281 
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very strong, on the cuff day but 1.5 (SD 1.6), very weak to weak, on the no-cuff day. There 282 

was a significant effect of day (F 1, 11 = 56.2, P < 0.001) but no effect of time (F 3, 33 = 0.6, 283 

P = 0.6) nor interaction (F 3, 33 = 1.7, P = 0.17). When the cuff was deflated, pain rating 284 

decreased to 2.5 (SD 2.4) after 15 s. 285 

EMG 286 

A 3-way ANOVA with day, muscle (VL, VM, RF) and time was performed to compare 287 

rmsEMG during brief knee extensor MVCs during the 2 min with or without the cuff. There 288 

were significant effects of time (F 4, 44 = 6.8, P < 0.001) and day (F 1,11 = 22.6, P < 0.001) but 289 

not muscle (F 2, 22 = 1.4, P = 0.25; Figure 5). There was only one significant interaction, 290 

which was for day by time (F 4, 66 = 2.6, P = 0.038). The day effect showed that quadriceps 291 

EMG was lower on the cuff day when compared to the no-cuff day but post hoc tests were 292 

only significant during the 1st MVC with the cuff inflated (P = 0.03). 293 

M-waves EMG 294 

A 3-way ANOVA with day, muscle (VL, VM, RF) and time was performed to compare 295 

M-wave amplitude during the resting twitches at baseline and the 2 min with or without the 296 

cuff. There was no muscle by day by time interaction (F 8, 321 = 0.03, P = 1). There was a 297 

significant effect of muscle (F 2, 22 = 69.7, P < 0.001) indicating differences between muscles. 298 

The average RF M-wave was 10.5 mV (SD 6.7), VM was 18.3 mV (SD 3.5), and VL was 13 299 

mV (SD 4.7). There was no effect of time (F 4, 44 = 0.11, P = 0.978) or day (F 1, 11 = 0.91, 300 

P = 0.342). 301 

Discussion: 302 

The main findings of this study are that when fatigue-related feedback from group III/IV 303 

afferents of the calf muscles is maintained after exercise, there are reductions in knee 304 
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extensor maximal force, voluntary activation, and EMG activity despite the knee extensors 305 

performing no exercise. 306 

With no blood flow to the fatigued plantarflexors after exercise, we expect that the firing of 307 

group III/IV muscle afferents was maintained or increased during the two mins of occlusion 308 

(2). While afferent firing was not measured directly, activation of muscle afferents through 309 

high concentrations of metabolites results in pain (3). On the cuff day participants rated pain 310 

as strong, to very strong (mean 6.1 on a 0-10 point scale), whereas without cuff inflation, 311 

pain ratings were much lower, averaging 1.5 out of 10. Thus, the higher levels of pain 312 

provide indirect evidence for higher group III/IV afferent feedback from the plantarflexor 313 

muscles during the two minutes of post-exercise occlusion. 314 

With occlusion of blood flow to the calf after fatiguing exercise of the plantarflexors, there 315 

was a reduction in the maximal force produced with the knee extensors. Knee extensor force 316 

was ~14% lower than without occlusion when it was unchanged from baseline. This observed 317 

decrease in knee extensor force was greater than the ~6%  seen for elbow flexor force with 318 

distal hand muscle afferent firing (25), but less than the ~25% decrease of knee extensor 319 

force, with knee flexor afferent firing (24). A 14% reduction in maximal force with 320 

plantarflexor afferent firing suggests a moderate impairment of the knee extensors’ strength. 321 

The knee extensors were minimally activated throughout the plantarflexor task (Table 1). 322 

However, there were minor changes in resting twitch force (Figure 2D) which could suggest 323 

peripheral fatigue. At baseline the resting twitches differed by ~6% across days and on the 324 

cuff day, the resting twitch was initially decreased by ~16% after the plantarflexor task, but 325 

this decrease disappeared over time despite the continued ischaemia. This pattern is not 326 

consistent with fatigue but rather a variable degree of potentiation of the muscle by preceding 327 

activity, and depotentiation over the plantarflexor task when knee extensor activity was low. 328 

Although all resting twitches were elicited after brief MVCs, a single 2-3 s MVC is not 329 
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always sufficient to potentiate the muscle fully (28). Post-activation potentiation reflects 330 

changes in calcium sensitivity of the contractile apparatus. Its effect is greatest on twitch 331 

responses, whereas for voluntary contractions, it does not increase maximal force (29). 332 

Moreover, in the current study, the MVC remained low when the resting twitch regained its 333 

baseline amplitude over the latter part of the period of occlusion. This suggests that the 334 

impairment in maximal force of the knee extensors did not occur within the muscle but in the 335 

central nervous system. 336 

To explore central influences on force production, we measured voluntary activation and 337 

EMG of the knee extensors. With post-exercise occlusion of the calf, quadriceps voluntary 338 

activation and EMG activity were reduced, whereas without occlusion, there was no change 339 

in voluntary activation from baseline. Thus, the preceding fatiguing plantarflexor task by 340 

itself was not sufficient to cause central impairment limiting drive to the knee extensors when 341 

measured after 40 s of recovery with freely perfused muscle. The reduction in voluntary 342 

activation of 5.3% on the cuff day compared to the no-cuff day was similar to the 5.3% 343 

change in elbow flexor voluntary activation seen with maintained firing of afferents in the 344 

muscles of the hand (25) but was less than the reduction in knee extensor voluntary activation 345 

seen with maintained high levels of feedback from knee flexor fatigue (~25%; Kennedy et 346 

al., 2014 (24)). This could indicate stronger inhibition between proximal muscles (agonist-347 

antagonist pair) than from a distal to a proximal muscle, but could also be a function of the 348 

number of afferents firing and/or their level of activity. It should be noted that in the current 349 

study minimal recovery of MVC and voluntary activation occurred with deflation of the cuff 350 

despite a quick reduction in pain ratings. As similar previous studies have all shown obvious 351 

recovery on cuff deflation (11, 24, 25), this lack of recovery was unexpected and needs 352 

confirmation before any conclusion, such as a muscle specific interaction, could be made. 353 
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Peripheral nerve stimulation was used to assess voluntary activation and this technique gives 354 

no insight into the specific site at which feedback from group III/IV muscle afferents of the 355 

plantarflexors might act centrally to reduce knee extensor voluntary drive. Group III/IV 356 

muscle afferents terminate in the dorsal horn of the spinal cord where their projections are 357 

diffuse. In animal models that investigate referred pain, there is evidence that the neurones in 358 

the spinal cord that respond to nociceptive feedback have large receptive fields that may 359 

include more than one muscle (30, 31). Thus afferents from one muscle may act on dorsal 360 

root neurones that primarily receive input from another muscle (31, 32). Excitation of these 361 

neurones may result in the activation of inhibitory circuits that change motor output in the 362 

same way regardless of whether input was received from the primary muscle or others. 363 

Changes in motor output could occur at a spinal level through effects on motoneurone 364 

excitability, or through actions in higher central nervous system locations such as motor 365 

cortical areas. 366 

The evidence of inhibition of knee extensor motoneurones by group III/IV muscle afferents is 367 

mixed. When measured during voluntary contraction, no change in motoneurone excitability 368 

is reported with blockade of group III/IV feedback (33), or with post-exercise occlusion (34). 369 

However, we have observed a reduction in knee extensor motoneurone excitability during 370 

post-exercise ischaemia after knee extensor or knee flexor exercise (unpublished data) when 371 

motoneurone excitability was tested without ongoing descending drive at time of assessment 372 

(35). This result is consistent with the similar inhibition of elbow extensor motoneurones 373 

(21). Thus, it is likely that the knee extensor motoneurones are sensitive to inhibition by 374 

group III/IV feedback from the knee extensors and knee flexors, but we can only speculate 375 

that afferents from the plantarflexor muscles also cause reductions in knee extensor 376 

motoneurone excitability. 377 
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Supraspinal changes may also contribute to the reduction in knee extensor force and 378 

voluntary activation with firing of group III/IV afferents of distal muscles. For both the elbow 379 

flexors and the knee extensors, motor cortical excitability, as assessed by TMS-evoked motor 380 

evoked potentials (MEPs) are apparently unaffected by post-exercise ischaemia (34, 36). 381 

However, with maintained fatigue-related feedback from the hand muscles, elbow flexor 382 

voluntary activation as assessed by TMS was decreased (25). This finding indicates reduced 383 

drive from the motor cortex to the motoneurones as the motoneurones of the elbow flexors 384 

are excited by group III/IV muscle afferent feedback (21, 25). Corresponding data are not 385 

available for the knee extensor muscles. Nevertheless, taking together all the evidence, 386 

we would expect changes both at the motoneurones and at supraspinal centres. 387 

Knee extension voluntary activation has been shown to be impaired by feedback from group 388 

III/IV muscle afferents from the homonymous muscle, the antagonist knee flexor muscles 389 

(24) and now the distal plantarflexor muscles of the same limb. Therefore, during full body or 390 

locomotion exercise/tasks these three muscle groups could all act to impair knee extensor 391 

function. However, the combined effect of these inputs is as yet unknown. They may 392 

summate to induce greater impairment or there may be a ceiling to the impairment. It is 393 

unknown whether they use the same interneuronal or synaptic networks. One note is that 394 

sensory feedback from the contralateral knee extensors during post-exercise ischaemia does 395 

not cause reductions in voluntary activation (24) despite reports of cross-over inhibition 396 

resulting in reductions in central motor drive (37). 397 

In conclusion, post-exercise occlusion of the fatigued plantarflexor muscles resulted in a 398 

reduction of voluntary activation, maximal force, and muscle activity of the knee extensor 399 

muscles, but these were unchanged if normal blood flow allowed recovery of the 400 

plantarflexor muscles. This suggests that high levels of fatigue-related group III/IV muscle 401 

afferent feedback from the calf impairs knee extensor function.  402 
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Captions 505 

Table 1. rmsEMG, force and effort during the 3-min plantarflexor (PF) task. Mean (SD). 506 

* indicates significant difference to Start (P < 0.05) 507 

Figure 1. Setup and Protocol. Setup for knee extensor MVCs (A). Setup for 508 

plantarflexor contractions (B). Protocol outline (C). On each of the two days, at baseline, 509 

four brief knee extensor MVCs were performed with twitches evoked via femoral nerve 510 

stimulation during the MVC and at rest (arrows). Two of these MVCs were performed while 511 

the cuff was inflated around the lower leg. The fatiguing task consisted of intermittent 512 

plantarflexor contractions (3s on, 1s off) performed to the level of soleus rmsEMG required 513 

to generate a plantarflexor force of 70% maximum. After the fatiguing task, more brief knee 514 

extensor MVCs with twitches were performed. On one of the days a cuff was inflated around 515 

the lower leg at the end of the fatiguing task for 2 mins. 516 

Figure 2. Panels display group means (mean and SD, n = 12) at baseline (bl) and then 517 

post plantarflexor task for knee extensor MVC (A), voluntary activation (B), 518 

superimposed twitch (C) and resting twitch (D). Grey bar represents the performance of 519 

the 3-min plantarflexor task. Black bar indicates the period when the cuff was inflated on one 520 

day and not on the other. Open circles denote the no-cuff day and closed circles represent the 521 

cuff day. # indicates significant (P < 0.05) difference between days and * denotes difference 522 

(P < 0.05) from baseline. 523 

Figure 3. Force traces of superimposed twitches for a single participant on the no-cuff 524 

and cuff days at baseline and during the immediate 2 min after the fatiguing task. 525 

Dotted horizontal lines represent the average amplitudes of the superimposed twitches during 526 

the baseline MVCs. Arrow represents femoral nerve stimulation. Note the greater increase in 527 

the size of the superimposed twitch on the cuff day. 528 
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Figure 4. Group data (mean and SD, n = 12) for pain rated in the plantarflexors during 529 

the 3-min plantarflexor task and during recovery with and without the inflation of the 530 

cuff. Grey box represents the plantarflexor task. Black bar indicates the period of cuff 531 

inflation on one day. Open circles denote the no-cuff day and closed circles represent the cuff 532 

day. # indicates significant difference between days (P < 0.05). 533 

Figure 5. Panels display group means (mean and SD, n = 12) of the EMG activity during 534 

knee extensor MVCs at baseline (bl) and after the plantarflexor task for vastus lateralis 535 

(VL) (A), vastus medialis (VM) (B) and rectus femoris (RF) (C). Grey bar represents the 536 

performance of the 3-min plantarflexor task. Black bar indicates the period of cuff inflation 537 

on the cuff day. Open circles denote the no-cuff day and closed circles represent the cuff day. 538 
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Table 1. 

 1 
  3-min contraction 

  Start Middle End 

Soleus rmsEMG No-cuff 55.8% (SD 12) 55.2% (SD 12) 53.9% (SD 11) 

% maximal  Cuff 56.4% (SD 9) 54.3% (SD 8) 53.9% (SD 8) 

PF force No-cuff 61.5% (SD 12) 58.2% (SD 12) 51.8% (SD 9.8)* 

% MVC Cuff 59.3% (SD 12.5) 52% (SD 12)* 47.3% (SD 9.5)* 

Effort No-cuff 2.8 (SD 1.5) 4.3 (SD 1.9)* 6.2 (SD 2)* 

0-10 scale Cuff 3.1 (SD 1.9) 4.2 (SD 1.7)* 5.8 (SD 2.2)* 

VL rmsEMG No-cuff 2.9% (SD 2.2) 3.7% (SD 3.9) 4.2% (SD 3.7) 

% maximal  Cuff 3.7% (SD 3.3) 5.1% (SD 4.4) 4.8% (SD 4.9) 

RF rmsEMG No-cuff 2.6% (SD 2.2) 3% (SD 3.8) 3.6% (SD 2.6) 

% maximal  Cuff 1.7% (SD 0.9) 2.6% (SD 2.5) 2.3% (SD 1.6) 

Table 1. rmsEMG, force and effort during the 3-min plantarflexor task. Mean (SD). 

* indicates significant difference to Start (P < 0.05) 
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