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ABSTRACT: 38 

Purpose: Neuromuscular electrical stimulation (NMES) recruits motor units (MUs) at 39 

unphysiologically high rates, leading to contraction fatigability. Rotating NMES pulses between 40 

multiple electrodes recruits different MUs from each site, reducing MU firing rates and 41 

fatigability. This study was designed to determine whether rotating pulses between an increasing 42 

number of stimulation channels (cathodes) reduces contraction fatigability and increases the 43 

ability to generate torque during NMES. A secondary outcome was perceived discomfort. 44 

Methods: Fifteen neurologically-intact volunteers completed 4 sessions. NMES was delivered 45 

over the quadriceps through 1 (NMES1), 2 (NMES2), 4 (NMES4) or 8 (NMES8) channels. 46 

Fatigability was assessed over 100 contractions (1s on/1s off) at an initial contraction amplitude 47 

that was 20% of a maximal voluntary contraction (MVC). Torque-frequency relationships were 48 

characterized over 6 frequencies from 20-120Hz. Results: NMES4 and NMES8 resulted in less 49 

decline in torque (42% and 41 %) and generated more torque over the 100 contractions than 50 

NMES1 and NMES2 (53% and 50% decline in torque). Increasing frequency from 20-120Hz 51 

increased torque by 7, 13, 21 and 24% MVC, for NMES1, NMES2, NMES4 and NMES8, 52 

respectively. Perceived discomfort was highest during NMES8. Conclusion: NMES4 and 53 

NMES8 reduced contraction fatigability and generated larger contractions across a range of 54 

frequencies than NMES1 and NMES2. NMES8 produced the most discomfort, likely due to small 55 

electrodes and high current density. During NMES, more is not better and rotating pulses 56 

between 4 channels may be optimal to reduce contraction fatigability and produce larger 57 

contractions with minimal discomfort compared to conventional NMES configurations.    58 

 59 

 60 
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ABBREVIATIONS 84 

SDSS - Spatially-distributed sequential stimulation 85 

EMG – Electromyography 86 

MU – Motor unit 87 

MVC – Maximum voluntary contraction 88 

NMES - Neuromuscular electrical stimulation 89 

VAS – Visual analog scale 90 
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INTRODUCTION 107 

Neuromuscular electrical stimulation (NMES) evokes contractions when pulses of 108 

current are applied through electrodes on the skin and it is used in diverse applications to 109 

enhance or maintain neuromuscular function (Sheffler and Chae 2007; Bickel et al. 2011). Long-110 

term benefits of NMES-based programs after neurotrauma include reduced muscle atrophy and 111 

spasticity with increased muscle strength, bone mineral density and cardiovascular fitness 112 

(Bélanger et al. 2000; Davis et al. 2008; Griffin et al. 2009). For many applications the large 113 

knee-extensor muscles (quadriceps) are stimulated using a single channel comprising of two 114 

electrodes over the muscle belly, an “active” cathode and a “return” anode (Maffiuletti 2010; 115 

Bergquist et al. 2011). Due to the non-physiological way motor units (MUs) are recruited during 116 

this type of NMES, however, with superficial MUs discharging synchronously at high rates and 117 

in a non-physiological order, it can be difficult to produce contractions of sufficient amplitude 118 

and contractions fatigue rapidly (Barss et al. 2018). Contraction fatigability and the inability to 119 

produce sufficient torque limits the benefits of NMES programs by shortening the duration and 120 

intensity of NMES sessions (Kluger et al. 2013).  121 

One way to reduce contraction fatigability during NMES is by rotating stimulation pulses 122 

between multiple electrodes. Rotating pulses between electrodes distributed over a muscle belly 123 

recruits MUs in different parts of the muscle sequentially, not synchronously, decreasing firing 124 

rates (Nguyen et al. 2011; Sayenko et al. 2014). This type of NMES has been given various 125 

names, the most descriptive of which may be spatially-distributed sequential stimulation (SDSS). 126 

SDSS reduces fatigability of contractions of tibialis anterior (Wiest et al. 2019) and the triceps 127 

surae (Nguyen et al. 2011) in neurologically intact participants and of the quadriceps in both 128 

neurologically intact participants (Bergquist et al. 2017; Laubacher et al. 2017) and those who 129 
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have experienced a spinal cord injury (Popović and Malešević 2009; Malešević et al. 2010; 130 

Nguyen et al. 2011; Laubacher et al. 2019). For SDSS approaches to work effectively, different 131 

pools of MUs must be recruited by each stimulation channel, with little if any overlap of MUs 132 

recruited by adjacent channels. Thus far the evidence suggests that to reduce contraction 133 

fatigability more NMES channels are better, however, little work has been done to determine 134 

how many channels are optimal.  135 

The inability to produce sufficient torque during conventional NMES is another major 136 

barrier to its wide-spread use that SDSS may be able to address. During SDSS, when different 137 

MUs are recruited from each stimulation site, as the number of stimulation channels increases 138 

more MUs are recruited at lower frequencies to produce a given contraction amplitude. For 139 

example, to produce 20% of the torque produced during an MVC, conventional one-channel 140 

NMES delivered at 40 Hz might recruit 1000 MUs synchronously at 40 Hz, whereas to produce 141 

the same amount of torque four-channel SDSS delivered at 40 Hz might recruit 4000 MUs in 4 142 

separate groups, each at 10 Hz. Thus, one limitation of conventional one-channel NMES is that it 143 

must be delivered at relatively high frequencies to produce sufficiently large contractions. The 144 

resulting high discharge rates place MUs at the high end of the curve that describes the 145 

relationship between torque and discharge frequency, leaving little if any room to increase torque 146 

with further increases in NMES frequency. As the number of stimulation channels increases, and 147 

MU firing rates decrease (see above), however, MUs shift progressively leftward on the torque-148 

frequency curve, potentially leaving a much larger range over which NMES frequency can be 149 

used to modulate torque. Thus, as the number of NMES channels increases, there may be an 150 

opportunity to increase NMES frequency and generate larger contractions while keeping MU 151 

firing rates in their physiological range to minimize contraction fatigability. The relationship 152 
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between torque and NMES frequency when stimulating through multiple channels, however, has 153 

not been established. 154 

Therefore, the primary purpose of this study was to determine the effect of rotating 155 

NMES pulses through an increasing number of NMES channels on contraction fatigability and 156 

the ability to generate torque across a range of frequencies. Given that discomfort plays a role in 157 

the clinical application of NMES (Fukuda et al. 2013) perceived discomfort was a secondary 158 

outcome measure. NMES was delivered over the quadriceps muscles through 1 (NMES1), 2 159 

(NMES2), 4 (NMES4) and 8 (NMES8) channels and outcome measures were assessed over a 160 

series of intermittent isometric contractions of a fatigue protocol. We hypothesized that as the 161 

number of channels progressively increased, contraction fatigability would progressively 162 

decrease. Thus, we predicted that torque would decline the most during NMES1 and would 163 

decline progressively less as the number of cathodes increased. We also hypothesized that 164 

increasing the number of channels would increase evoked torque across a range of stimulation 165 

frequencies. Thus, we predicted that when NMES frequency increased from 20-120 Hz torque 166 

would increase the least during NMES1, with progressively greater increases in torque across the 167 

range of frequencies as the number of channels increased. The results of these experiments will 168 

help identify the optimal number of stimulation channels for NMES of the quadriceps muscles to 169 

generate large, fatigue-resistant, contractions with the least discomfort.   170 

 171 

METHODS 172 

Participants 173 

Fifteen neurologically intact participants (5 women, 10 men; aged 28.5 ± 12.0 years, 174 

range 18-55 years) completed 4 sessions. A different type of NMES was tested in each session 175 
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and the order of sessions was randomised for each participant. Sessions lasted approximately 45 176 

minutes and were separated by a minimum of 48 hours. Participants provided informed written 177 

consent and procedures were approved by the University of Alberta Research Ethics Board. 178 

 179 

Torque 180 

Isometric knee extension torque produced by the right leg was measured while 181 

participants sat in the chair of a Biodex dynamometer (System 3, Biodex Medical Systems, 182 

Shirley, New York, USA). The leg was secured to maintain a knee angle of ~100º and the fibular 183 

head was aligned with the axis of the dynamometer.  184 

 185 

Neuromuscular Electrical Stimulation (NMES) 186 

A constant current DS7AH stimulator (Digitimer, Welwyn Garden City, UK) was used to 187 

deliver one ms square wave pulses of current through self-adhesive electrodes (Large 2”x 4” and 188 

Small 2”x 2”; UltraStim; Axelgaard Manufacturin Co., Fallbrook, CA, USA) over the 189 

quadriceps. A custom-built system was used to distribute stimulus pulses to the appropriate 190 

electrode pairs.  NMES1, NMES2, NMES4, and NMES8 were delivered through 1, 2, 4 or 8 active 191 

electrodes (cathodes), respectively, as shown in Figure 1A. These configurations are described 192 

below and were chosen based on the results of pilot studies designed to reduce fatigability by 193 

recruiting different MUs with each cathode. 194 

For all configurations one large electrode was placed ̴ 2-4 cm from the proximal edge of 195 

the patella centered over the midline of the quadriceps and another ̴ 3-5 cm from the inguinal 196 

crease centered over the midline of the quadriceps. NMES1: One large cathode was placed near 197 

the hip and one large anode was placed near the knee as described above. NMES2: Same 198 
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configuration as for NMES1 although the anode and the cathode alternated between electrodes 1 199 

and 2 with every other pulse. NMES4: Four large cathodes were placed in a rectangular pattern in 200 

the middle of the thigh (electrodes 1-4), between anodes (electrodes A and B). The proximal 201 

cathodes (1 and 3) were paired with the distal anode (A) and the distal cathodes (2 and 4) were 202 

paired with the proximal anode (B). Stimulus pulses were rotated sequentially through the 203 

numbered electrodes shown in Figure 1A. NMES8: Due to space limitations on the thigh large 204 

electrodes could not be used, thus small cathodes were placed in a 2x4 array (1-8) between the 205 

anodes (A and B). Pulses were rotated sequentially through electrode pairs as shown in Figure 206 

1A with proximal cathodes (1, 3, 5, and 7) being paired with the distal anode (A) and the distal 207 

cathodes (2, 4, 6, and 8) being paired with the proximal cathode (B). Skin was prepared using 208 

alcohol swabs before placement of the electrodes. Current was measured with a current probe 209 

from channel 1 during all trials (mA- 2000, F.W. Bell). 210 

 211 

General Protocol 212 

 As shown in Figure 1B, each session began with maximal voluntary contractions 213 

(MVCs) followed by collection of data to generate the torque-frequency curves. Participants then 214 

completed the fatigue protocol followed by another MVC (details described below). 215 

 216 

Maximal Voluntary Contractions (MVCs) 217 

 Participants performed isometric knee extension MVCs for 2-3s with verbal 218 

encouragement and visual feedback of torque provided throughout. Each participant performed 2 219 

MVCs separated by a minimum of 1 minute with a 3rd MVC being completed if the first 2 220 

varied by more than 10%. The MVC that elicited the most torque was used to normalize all 221 
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subsequent torque measurements. Another MVC was performed within one minute after the 222 

fatigue protocol. Torque recorded during MVCs was quantified as the average torque over a 0.3 s 223 

window centered on the peak. 224 

 225 

Torque-Frequency Relationships 226 

The relationship between torque and frequency was characterized for each NMES 227 

configuration. One second trains (n=2) of each type of NMES were delivered at 20, 40, 60, 80, 228 

100, and 120 Hz at an intensity that generated 20% MVC at 40 Hz. Trains were separated by at 229 

least 5 seconds and the order of the 12 stimulation trains for each configuration was randomised 230 

for each participant. Peak torque was calculated over a 10 ms window centered around the peak 231 

and was normalized to each participants’ MVC. Perceived discomfort was assessed during the 232 

first contraction of each frequency. Discomfort scores were provided verbally by the participant 233 

using a Visual Analogue Scale (VAS) with endpoints ranging from 0 (no pain) to 100 (worst 234 

pain imaginable). 235 

 236 

Fatigue Protocol 237 

For each fatigue protocol NMES was delivered at 40 Hz to evoke 100 contractions using 238 

a 1 second on, 1 second off duty cycle. Stimulus intensity was adjusted to generate contractions 239 

that produced 20% MVC torque at the beginning of the fatigue protocol. Two measures of 240 

contraction amplitude were used; Peak torque was calculated as described above (see Torque-241 

frequency Relationships) and the torque-time integral (TTI) was calculated as the area under the 242 

torque versus time curve for each contraction. All data were averaged into bins representing 10 243 

successive contractions, resulting in a total of 10 bins. Fatigability was assessed using five 244 
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outcome measures: 1) percent decline in mean torque from bin 1 to bin 10, 2) percent decline in 245 

TTI from bin 1 to bin 10, 3) mean torque across all 100 contractions, 4) mean TTI across all 100 246 

contractions and, 5) percent decline in MVC torque from before to after the fatigue protocols. 247 

Discomfort scores were recorded (as described above) during the 5th, 50th and 100th contractions. 248 

Current (in mA) was also measured and current density was calculated based on electrode area. 249 

 250 

Data Acquisition  251 

Data were acquired using custom written LabVIEW software (National Instruments, 252 

Austin, Texas) sampled at 2000 Hz and stored for later analyses using MATLAB (The 253 

Mathworks, Natick, Massachusetts) custom-written software.  254 

 255 

Statistical analyses 256 

Statistical analyses were conducted on group data. To compare fatigability between 257 

NMES configurations, the five outcome measures were tested using separate 1 x 4 (NMES 258 

configuration; NMES1, NMES2, NMES4, NMES8) analyses of variance (ANOVAs). To compare 259 

torque across frequencies (20-120 Hz), a 4 (NMES configuration) x 6 (Frequency) rmANOVA 260 

was performed. Differences in perceived discomfort during the fatigue protocols were 261 

determined using a 3 (Time; beginning, middle, end) x 4 (NMES type) rmANOVA. Differences 262 

in perceived discomfort across frequencies (20-120 Hz) were determined using a 4 (NMES 263 

configuration) x 6 (Frequency) rmANOVA. To assess differences in current and current density 264 

separate 1 x 4 (NMES configuration) ANOVAs were performed. For all ANOVAs, significant 265 

interactions were followed by separate analyses for each factor followed by pairwise 266 

comparisons using a Bonferroni correction for multiple comparisons. A p-value of less than 0.05 267 
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was considered statistically significant. All data are reported as mean ± sd. For brevity, only 268 

significant results are presented in the Results section and values are included in either text or 269 

figures without duplication. 270 

 271 

RESULTS 272 

Single participant data 273 

Torque recorded from a single participant during all contractions of each fatigue protocol 274 

are shown in Figure 2A and these data, binned over 10 successive contractions, are replotted in 275 

Panel B. Over the course of the fatigue protocol for this participant, torque declined by 44%, 276 

46%, 38%, and 32% (from bin 1 to bin 10) during NMES1, NMES2, NMES4, and NMES8, 277 

respectively.  278 

 279 

Group data 280 

Contraction Fatigability 281 

Figure 3A shows torque recorded during the fatigue protocols, binned and averaged 282 

across participants, for each NMES configuration. There were no significant differences in peak 283 

torque (F(3, 42) = 0.414, p= 0.744) or TTI (F(3, 42) = 0.709, p= 0.522) over the first ten contractions 284 

of the fatigue protocol (i.e. Bin 1) between any of the NMES configurations. The average initial 285 

peak torque and TTI was 18.9% MVC and 11.3% MVC·s, respectively. There was, however, a 286 

significant main effect of NMES configuration both for the percent decline in peak torque (F(3, 42) 287 

= 8.070, p < 0.001) and TTI (F(3, 42) = 9.899, p < 0.001). Both peak torque (Figure 3B) and TTI 288 

(Figure 3C) declined significantly more from bin 1 to bin 10 when using NMES1 and NMES2 289 

compared to NMES4 and NMES8. There was also a significant main effect of NMES 290 
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configuration for average peak torque (F(3, 42) = 9.789, p < 0.001) and TTI (F(3, 42) = 9.670, p < 291 

0.001). Consistent with percent decline data in panels B and C, there was significantly less mean 292 

torque across the entire fatigue protocol when using NMES1 and NMES2 compared to NMES4 293 

and NMES8 (panel D). A similar result was obtained for the mean TTI across the fatigue 294 

protocol, with the exception that NMES8 was not significantly different from NMES2 (panel E). 295 

There were no significant differences in the amount that torque produced during MVCs declined 296 

from before to after the fatigue protocols between NMES configurations (F(3,42) = 0.205, 297 

p=0.892; data not shown). The average decline in MVC torque across NMES configurations was 298 

11±6 %.  299 

 300 

Torque-Frequency Relationships 301 

 Mean torque averaged across participants when each NMES configuration was delivered 302 

across a range of frequencies is shown in Figure 4A. There was a significant interaction between 303 

NMES configuration and NMES frequency (F(15, 210) = 49.9, p<0.001). To test for differences 304 

between NMES configurations at each frequency, separate one-way ANOVAs were run within 305 

each frequency and significant main effects of NMES configuration were identified at 20 Hz (F(3, 306 

42) = 52.1, p<0.001), 60 Hz (F(3, 42) = 24.1, p<0.001), 80 Hz (F(3, 42) = 37.6, p<0.001), 100 Hz (F(3, 307 

42) = 35.3, p<0.001) and 120 Hz (F(3, 42) =28.2, p<0.001). All significant differences in pairwise 308 

comparisons for each frequency of NMES are shown in the lower portion of 4A. To summarise, 309 

NMES4 and NMES8 evoked more torque than NMES1 and NMES2 at all frequencies above 40 310 

Hz (p<0.05), torque was only different between NMES4 and NMES8 at 100 Hz and 120 Hz 311 

(p<0.05) and torque was only different between NMES1 and NMES2 at 120 Hz (p<0.05).  312 

 To test for differences between frequencies within each NMES configuration, separate 313 
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one-way ANOVAs were run within each NMES configuration and these identified significant 314 

main effects of frequency for all configurations; NMES1 (F(5, 70) = 75.9, p<0.001), NMES2 (F(5, 70) 315 

= 141.3, p<0.001), NMES4 (F(5, 70) = 249.3, p<0.001) and NMES8 (F(5, 70) = 81.7, p<0.001), as 316 

shown in Figure 5A. For NMES1 and NMES2, torque reached a steady-state at 80 Hz, as torque 317 

produced at 80, 100 and 120 Hz was not significantly different (p>0.05). For NMES4 and 318 

NMES8, torque reached a steady-state at 100 Hz (p>0.05). The inset in Figure 4A shows the 319 

range over which torque increased as NMES frequency increased from 20-120 Hz for each 320 

configuration. There was a significant main effect of NMES configuration (F(3,42) = 67.347, 321 

p<0.001) and post-hoc tests showed that when NMES frequency increased from 20-120 Hz, 322 

torque increased the least during NMES1 (7% MVC) , followed by NMES2 (13% MVC), and 323 

torque increased the most during NMES4 and NMES8  (21 and 24% MVC, respectively), which 324 

were not different from each other (p=0.072).   325 

 326 

Perceived discomfort 327 

Current, current density and discomfort during the fatigue protocols 328 

 There were significant differences in current used during the fatigue protocols between 329 

NMES types (F(3,42) = 6.893, p=0.003) as shown in Figure 5A. Significantly more current was 330 

needed to generate the target 20% MVC contraction when using NMES1 than NMES4 (p=0.01) 331 

and NMES8 (p=0.049). There were also significant differences in current density between NMES 332 

configurations (F(3,42) = 54.6, p<0.001). Current density was higher during NMES8 than all other 333 

NMES configurations (p<0.001) and was higher during NMES1 than NMES4 (p=0.001) as 334 

shown in Figure 5B.  335 

There was no significant interaction between Time and NMES configuration for 336 
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discomfort during the fatigue protocols (F(6, 84) = 2.184, p=0.103) and no main effect of Time 337 

(F(2,28) = 2.128, p=0.138) although there was a significant main effect of NMES configuration 338 

(F(3, 42) = 9.916, p=0.001). Pooled across the fatigue protocol, NMES8 (40.4±20.9) resulted in 339 

significantly greater ratings of perceived discomfort than the other configurations (p<0.001) as 340 

shown in Figure 5C.  341 

 342 

Discomfort across frequencies 343 

Mean perceived discomfort scores recorded when the different NMES configurations 344 

were delivered from 20-120 Hz are shown in Figure 4B. There was a significant interaction 345 

between NMES type and frequency (F(15, 195) = 49.9, p=0.002) and subsequent one-way 346 

ANOVAs conducted to test for differences between configurations at each frequency identified  347 

significant main effects of NMES configuration at 80 (F(3, 39) = 3.759, p=0.018), 100 (F(3, 39) = 348 

4.291, p<0.010) and 120 Hz (F(3, 39) =5.704, p=0.002). As shown in the bottom portion of Figure 349 

4B, there were no differences in discomfort between NMES1, NMES2 and NMES4 at any 350 

frequency (p>0.05). However, there was significantly more discomfort during NMES8 at 80 Hz 351 

and 100 Hz compared to the other configurations (p<0.05) and at 120 Hz, NMES8 produced more 352 

discomfort than NMES1, NMES2 (p<0.05).  353 

Four 1 x 6 (Frequency) ANOVAs were run to test for an effect of frequency within each 354 

NMES configuration and they indicated significant main effects of frequency for all 355 

configurations; NMES1 (F(5, 65) = 4.661, p=0.001), NMES2 (F(5, 65) = 4.402, p=0.002), NMES4 356 

(F(5, 65) = 12.587, p<0.001) and NMES8 (F(5, 65) = 10.878, p<0.001). Post hoc analyses showed 357 

that discomfort was not significantly different between any two frequencies for NMES1 and 358 

NMES2 (p>0.05). For NMES4, discomfort scores increased from 20 to 40 Hz and then reached a 359 
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steady state as there were no differences in discomfort between 40-120 Hz (p>0.05). During 360 

NMES8, discomfort increased up to 80 Hz and then reached a steady state. (p>0.05).  361 

 362 

DISCUSSION 363 

This study was designed to investigate the effect of rotating NMES pulses between an 364 

increasing the number of stimulation channels (cathodes) on contraction fatigability, the 365 

relationship between torque and NMES frequency and discomfort. Although contraction 366 

fatigability did not decrease progressively as the number of cathodes increased, there was 367 

significantly less fatigability when using more cathodes (NMES4 and NMES8) than fewer 368 

cathodes (NMES1 and NMES2). Similarly, the amount of torque generated across a range of 369 

NMES frequencies did not increase progressively as the number of cathodes increased, however, 370 

the number of cathodes clearly influenced the relationship between torque and NMES frequency 371 

and in general more cathodes produced more torque, particularly at the higher NMES 372 

frequencies. Finally, NMES8 caused the most discomfort, likely due to higher current density. 373 

These results help establish the relationship between number of NMES channels and these 374 

important outcome measures and suggest that delivering SDSS through 4 cathodes may be 375 

optimal for reducing contraction fatigability of the quadriceps and producing large contractions 376 

with minimal discomfort.   377 

 378 

Fatigability 379 

 Contrary to our hypothesis, contraction fatigability did not decrease progressively as the 380 

number of channels increased. Instead, contraction fatigability decreased when stimulus pulses 381 

were rotated between 4 or 8 cathodes (NMES4 and NMES8), compared to delivering pulses 382 



17 
 

through a single fixed cathode (NMES1) or alternating anode and cathode back and forth between 383 

two electrodes (NMES2). These differences in fatigability were evidenced by less decline in 384 

torque and, on average, more torque over the 100 contractions of the fatigue protocols when 385 

using NMES4 and NMES8 versus NMES1 and NMES2. SDSS has been shown previously to 386 

reduce contraction fatigability for contractions of tibialis anterior (Wiest et al. 2019), triceps 387 

surae (Nguyen et al. 2011) and quadriceps (Bergquist et al. 2017; Laubacher et al. 2017; Popović 388 

and Malešević 2009; Malešević et al. 2010; Nguyen et al. 2011; Laubacher et al. 2019). The 389 

reduced fatigability is thought to be due to reduced MU firing rates, afforded by the recruitment 390 

of different pools of MUs from each spatially-distributed cathode (Nguyen et al. 2011; Sayenko 391 

et al. 2014). However, in the present study there was no improvement in fatigability when 392 

doubling the number of cathodes from 1 to 2 (NMES1 to NMES2) or from 4 to 8 (NMES4 to 393 

NMES8). This lack of improvement in fatigability contrasts with improvements gained when 394 

doubling the number of channels from 1 to 2 when stimulating tibialis anterior to dorsiflex the 395 

ankle(Lou et al. 2017), and may be accounted for by the electrode configurations used in the 396 

present study. The locations of the two electrodes used to deliver NMES1 and NMES2 were 397 

identical, the only difference being that anode and cathode were “fixed” during NMES1, and 398 

were alternated between the two electrodes during NMES2. Thus, the path for current flow was 399 

the same during both protocols, and despite alternating the cathode between electrodes, NMES2 400 

may have recruited the same MUs with each pulse, effectively rendering NMES1 and NMES2 401 

equivalent in terms of MU discharge rates and contraction fatigability. Accordingly, approaches 402 

that alternate anode and cathode between the same two electrodes may not be effective to reduce 403 

contraction fatigability. Similarly, configurations for NMES4 and NMES8 occupied the same area 404 

on the thigh and, other than number of cathodes, the difference for NMES8 was that the 405 
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electrodes were half the size as for the other configurations. Thus, during NMES8 there was 406 

likely a high overlap of MUs recruited by adjacent cathodes, effectively making adjacent pairs a 407 

single electrode and thus NMES4 and NMES8 equivalent in terms of MU discharge rates and 408 

fatigability. Together the present results suggest that for reducing contraction fatigability of the 409 

quadriceps, alternating anode and cathode between the same electrodes is not sufficient to reduce 410 

contraction fatigability, instead, an SDSS approach may be best and presently we show that 411 

rotating pulses through 4 or 8 cathodes is equally effective and better than 1 or 2.     412 

 413 

Torque-frequency relationships 414 

 Contrary to our hypothesis, increasing the number of cathodes did not progressively 415 

increase the amount of torque produced over a range of NMES frequencies, although the number 416 

of cathodes clearly influenced the relationship between torque and frequency. When NMES 417 

frequency increased from 10–120 Hz, torque increase 7, 13, 21 and 24% MVC using NMES1, 418 

NMES2, and NMES4 and NMES8 (which were not different), respectively. NMES4 and NMES8 419 

evoked more torque than NMES1 and NMES2 at all frequencies above 40 Hz and further 420 

differences between configurations emerged at the highest NMES frequencies. NMES8 produced 421 

more torque than NMES4 at 100 and 120 Hz and NMES2 generated more torque than NMES1 at 422 

120 Hz. Thus, at the highest frequency tested (120 Hz), torque increased progressively with the 423 

number of cathodes, consistent with our hypothesis. The differences that emerged between 424 

configurations at the highest frequencies suggest there are subtle differences how MUs are 425 

recruited between these configurations but they are not sufficient to measurably influence 426 

contraction fatigability.  427 

We propose that the differences in torque-frequency relationships between configurations 428 
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are due to recruiting more MUs, at progressively lower rates, as number of channels increase. 429 

The lower firing rates place MUs progressively leftward on their torque-frequency curves. Thus, 430 

as the number of channels increase, there is a wider range over which increases in NMES 431 

frequency produce increases in torque. The ability of SDSS to reduce MU firing rates, while still 432 

being delivered at sufficiently “net” frequencies to produce large contractions, provides a unique 433 

opportunity to remove two of the main impediments to the widespread use of NMES, contraction 434 

fatigability and the inability to produce sufficiently large contractions.  435 

 436 

Current and discomfort 437 

Although significantly less current was required to evoke the target contractions of 20% 438 

MVC when rotating pulses between 4 or 8 cathodes (NMES4 and NMES8), than when 439 

stimulating through a single fixed cathode (NMES1), the smaller electrode size necessitated 440 

when using 8 cathodes resulted in significantly higher current density than the other three 441 

configurations. This higher current density corresponded to the highest ratings of perceived 442 

discomfort for NMES8 during the fatigue protocols and at the higher NMES frequencies used to 443 

generate the torque-frequency curves. These results are consistent with previous work indicating 444 

that higher current densities increase discomfort during NMES (Alon 1985; Patterson and 445 

Lockwood 1991; Maffiuletti 2010). Smaller electrodes were required during NMES8 due to 446 

limitations in space over the quadriceps which poses a limitation moving forward with higher 447 

channel numbers and for smaller muscles as discomfort limits the use of NMES (Barss et al. 448 

2018). Of note, however, is that SDSS through 4 cathodes has proven to reduce contraction 449 

fatigability for contractions of tibialis anterior, a muscle with markedly less surface area for 450 

stimulation (Wiest et al. 2019). Considering that fatigability was similar between NMES4 and 451 
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NMES8 but discomfort during NMES4 was less than NMES8 and was not different than NMES1 452 

and NMES2, NMES4 may provide most clinically meaningful balance between reducing both 453 

fatigability and discomfort.  454 

 455 

Applications, limitations, and future directions 456 

 Rotating stimulus pulses between multiple channels over a muscle during NMES 457 

provides a readily translatable advancement to improve outcomes of NMES-based programs and 458 

reduce secondary complications that stem from inactivity. Despite the potential for further 459 

refinements (see below), four-channel SDSS, as described in this and other studies (Nguyen et al. 460 

2011; Sayenko et al. 2014; Bergquist et al. 2017; Wiest et al. 2019), produces larger and more 461 

fatigue-resistant contractions than conventional NMES and could be relatively-easily 462 

incorporated into NMES-based programs. Indeed, 4-channel SDSS over the quadriceps enables 463 

individuals with a complete spinal cord injury to cycle 3x longer than when using conventional 464 

NMES (Barss TS, unpublished observation). Future research involving longitudinal training 465 

studies is needed to determine the extent to which SDSS improves relevant musculoskeletal and 466 

cardiovascular outcomes of NMES-based programs compared to conventional NMES 467 

approaches.  468 

Although the electrode configurations used in the present study were based on pilot 469 

experiments designed to identify configurations that reduced contraction fatigability by 470 

minimizing MU overlap between adjacent electrodes, the configurations chosen may not be 471 

optimal. Accordingly, further exploration to identify optimal electrode number and configuration 472 

will be important to maximise the potential of SDSS. The optimal configuration will be the one 473 

that maximises MU recruitment (i.e. recruits the highest percentage of MUs in the target muscle) 474 
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and minimises overlap of MUs recruited by adjacent electrodes. Randomising the order of 475 

stimulation between channels, changing the placement of the anode, rotating anode-cathode 476 

pairs, and orienting channels to target separate MUs to decrease overlap all remain as potential 477 

strategies to reduce contraction fatigability, reduce discomfort and increase evoked torque.  478 

SDSS offers a unique opportunity to maintain low MU discharge rates, by delivering 479 

stimulus pulses to each channel at relatively low frequencies (“net” frequency / number of 480 

channels), while still generating large contractions, as the forces generated by separate pools of 481 

MUs recruited by each channel sum at the tendon at the net frequency of stimulation. For 482 

example, discomfort issues aside, delivering NMES8 at 120 Hz would take advantage of the 483 

opportunity to generate large contractions, due to the high “net” frequency, while still 484 

maintaining MU firing rates within their physiological range with pulses delivered at 15 Hz to 485 

each channel. Indeed, had each type of NMES been delivered at a net frequency of 120 Hz for 486 

the fatigue protocols in the present study there may have been a markedly greater effect of 487 

channel number on fatigability. Future research is needed to identify the optimal frequency for 488 

SDSS that provides a compromise between the high frequencies needed to generate large 489 

contractions and the low frequencies that minimise fatigability. It may be that different 490 

frequencies are optimal for different applications or even at different times within a given 491 

setting. The high net frequencies that are feasible during SDSS, while still minimizing 492 

contraction fatigability, may also have the added benefit of sending a relatively large 493 

neuromodulatory signal to the central nervous system, by the stimulation of sensory axons, 494 

which may promote beneficial neuroplasticity within central nervous system.     495 

 496 

 497 
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Conclusions  498 

 Rotating NMES pulses between an increasing number of cathodes over the quadriceps 499 

muscles did not progressively reduce contraction fatigability or increase the ability to generate 500 

torque across a range of frequencies. Rotating pulses between 4 or 8 cathodes did, however, 501 

reduce contraction fatigability and generate more torque across frequencies than when using 1 or 502 

2 cathodes. Delivering NMES through 8 cathodes required smaller electrodes than for the other 503 

configurations which increased current density and perceived discomfort. Thus, during NMES, 504 

more stimulation channels are not necessarily better, and rotating pulses between 4 cathodes may 505 

be optimal to minimize contraction fatigability and generate large contractions with minimal 506 

discomfort.  507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 
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Figure legends 590 

Figure 1. Electrode placements and experimental protocol. Panel (A) shows the placement of 591 

electrodes over the quadriceps where letters represent anodes and numbers represent cathodes. 592 

Stimulus pulses were delivered to cathodes sequentially in the numerical order represented on 593 

the diagram. During NMES2, the cathode (and anode) alternated between positions 1 and 2 with 594 

each pulse. During NMES4, proximal cathodes (1, 3) were paired with anode A and distal 595 

cathodes (2, 4) were paired with anode B. Similarly, during NMES8, proximal cathodes (1, 3, 5, 596 

7) were paired with anode A and distal cathodes (2, 4, 6, 8) were paired with anode B. Panel (B) 597 

shows the timeline of the protocol used for each experiment divided into PRE, FATIGUE and 598 

POST phases. Torque recorded during the first 10 (Bin 1) and last 10 (Bin 10) contractions of a 599 

fatigue protocol are shown for a representative participant in Panel (C). 600 

 601 

Figure 2. Data recorded one participant during the fatigue protocols. Panel (A) shows 602 

torque recorded during all 100 contractions of each fatigue protocol. These data are also shown 603 

in Panel (B) where the mean torque during each contraction was averaged over 10 successive 604 

contractions to form 10 bins for each NMES configuration.  605 

 606 

Figure 3. Group data recorded during the fatigue protocols and associated measures of 607 

contraction fatigability. Panel (A) shows torque recorded during the fatigue protocols using 608 

each configuration, binned and averaged across participants. Percent change in mean torque and 609 

the torque-time integral (TTI) from the first 10 contractions (bin 1) to the last 10 contractions 610 

(bin 10) of the fatigue protocols, are shown in panel (B) and panel (C), respectively. Average 611 

torque (D) and TTI (E) calculated over the 10 bins. Significant differences are indicated by the 612 
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pound symbols (#). Open circles represent data from individual participants. Data are presented 613 

as mean ± SD.  614 

 615 

Figure 4. Group data showing torque-frequency and discomfort-frequency relationships 616 

for each NMES configuration. Panel (A) shows torque produced when each NMES 617 

configuration was delivered at frequencies from 20 Hz to 120 Hz. The dagger symbol (†) 618 

indicates the frequency at which torque produced by NNMES4 and NMES8 was not different 619 

than torque that each produced at 120 Hz. Double daggers (‡) indicate the frequency at which 620 

torque produced by NMES1 and NMES2 was not different than that each produced at 120 Hz. 621 

Comparisons between configurations at each a frequency are shown below the x axis below their 622 

corresponding frequency. In these graphs the pound symbol (#) denotes significant differences as 623 

indicated and asterisks (*) denote a significant difference from all other configurations. The inset 624 

in the top left corner shows the increase in torque produced by each configuration when NMES 625 

frequency increased from 20-120 Hz. Panel (B) shows perceived discomfort assessed at each 626 

frequency using a Visual Analogue Scale (VAS). Double daggers († †) indicate the frequency at 627 

which VAS scores for NMES8 were not different than scores at 120 Hz and the four daggers (‡‡) 628 

indicate the frequency at which VAS scores for NMES4 were not different than scores that at 120 629 

Hz.  Comparisons between configurations at each a frequency are shown below the x axis in the 630 

same format as for Panel A. In both panels data are presented as mean ± SD. 631 

 632 

Figure 5. Group data showing current, current density and perceived discomfort during 633 

the fatigue protocols. Panel (A) shows the mean current and Panel (B) shows the current density 634 

used to generate the contractions for the fatigue protocols using each NMES configuration. VAS 635 
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scores in Panel (C) represent the pooled mean of scores from the 5th, 50th and 95th contractions of 636 

the fatigue protocols for each participant. Pound symbols (#) denote significant differences as 637 

indicated and asterisks (*) denote significant differences from all other configurations. Open 638 

circles represent data from individual participants. Data are presented as mean ± SD.  639 


