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What is the central question of this study? 31 

The maximal motor unit response (MMAX) is used as a reference value when 32 

quantifying electromyographic (EMG) raw signals. However, the appropriate use of 33 

MMAX as a reference during varying contraction intensities and type is not clear.   34 

 35 

What is the main finding and its importance? 36 

MMAX should be recorded at specific contraction intensity but not necessarily a specific 37 

contraction type. The guidelines presented here impact the practices of researchers 38 

and clinicians using EMG.  39 

 40 

 41 

  42 
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Abstract 43 

Determining a single compound maximal motor response (MMAX) or an average 44 

superimposed MMAX response (MSUP) are commonly used reference values in 45 

experiments eliciting raw electromyographic, motor evoked potentials, H-reflexes and 46 

V-waves. However, existing literature is limited in detailing the most appropriate 47 

method to normalise these electrophysiological measures. Due to the accessibility of 48 

assessment from a cortical and spinal perspective, the tibialis anterior is increasingly 49 

used in literature and hence investigated in this study. The aims of the present study 50 

were to examine the differences and level of agreement in MMAX/MSUP under different 51 

muscle actions and contraction intensities. Following a familiarisation session, 22 52 

males visited the laboratory on a single occasion. MMAX was recorded under 10% 53 

isometric and 25% and 100% shortening and lengthening maximal voluntary 54 

contractions (MVC) at an angular velocity of 15°-1. MSUP was also recorded during 55 

100% shortening and lengthening with an average of five responses recorded. There 56 

were no differences in MMAX or MSUP between contraction types. All variables showed 57 

large, positive correlations (P < 0.001, r2 > 0.64). MMAX amplitude was larger (P < 58 

0.001) at 100% shortening and lengthening intensity compared to MMAX amplitude at 59 

10% isometric and 25% lengthening MVC. Bland-Altman plots revealed a bias towards 60 

higher MMAX at the higher contraction intensities. Despite MSUP being significantly 61 

smaller than MMAX (P < 0.001) at 100% MVC, MSUP showed a large positive correlation 62 

(P < 0.001, r2 > 0.64) with all variables. It is our recommendation that MMAX should be 63 

recorded at specific contraction intensity but not necessarily a specific contraction 64 

type. 65 

 66 
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Introduction 67 

Electromyographic (EMG) signals are affected by numerous factors such as 68 

preparation of the skin, electrode placement, fibre type and orientation (De Luca, 69 

1997). It is therefore critical that the EMG signal is normalised to a reference value so 70 

data can be interpreted meaningfully. Applying supramaximal electrical stimulation  to 71 

a peripheral nerve causes synchronous activation of the muscle fibres and is known 72 

as the maximal motor unit response (MMAX; (Lee & Carroll, 2005). Investigations using 73 

peripherally evoked measures such as the Hoffman-reflex (H-reflex) and V-wave, 74 

along with cortically evoked measures such as motor evoked potentials (MEP), lateral 75 

spread MEP and cervicomedullary MEP commonly use MMAX as a reference value 76 

(Aagaard et al., 2002; Yamashita et al., 2002; Kidgell & Pearce, 2010; Tallent et al., 77 

2012a). These spinal and corticospinal measures have been investigated under a 78 

variety of conditions such as changing muscle lengths, at rest and during submaximal 79 

and maximal contractions (Arányi et al., 1998; Goodall et al., 2009; Howatson et al., 80 

2011; Tallent et al., 2012a). Understanding how MMAX is modulated in different 81 

muscles, contraction intensities and types is vital in ensuring EMG is presented in the 82 

most appropriate manner.  83 

 84 

The MMAX amplitude has been shown to increase with increasing contraction intensity 85 

in the tibialis anterior (Nagata & Christianson, 1995; Frigon et al., 2007) and soleus 86 

(Frigon et al., 2007), but remain unchanged in quadriceps muscles  (Linnamo et al., 87 

2001a) and the flexor carpi radialis (Lee & Carroll, 2005), or even decreases in the 88 

quadriceps (Linnamo et al., 2001b). In addition, MMAX has been shown to increase 89 

(Gerilovsky et al., 1977; Gerilovsky et al., 1989; Frigon et al., 2007) and decrease 90 



5 

 

when recorded at longer muscle lengths (Marsh et al., 1981; Kim et al., 2005; Lee & 91 

Carroll, 2005). Furthermore there are conflicting findings in TA with regards to how 92 

MMAX alters with changing length (Marsh et al., 1981; Frigon et al., 2007). Higher 93 

contraction intensities will cause the muscle to shorten and tendon become more 94 

compliant (Griffiths, 1991). A reduction in muscle length has been shown to cause an 95 

increase in synchronisation and consequently an increase in MMAX (Kim et al., 2005). 96 

Alternatively, phase cancellation of EMG will increase with increasing contraction 97 

intensity and may mute the response in the muscle (Keenan et al., 2006; Farina et al., 98 

2008). Therefore, understanding MMAX response at differing contraction intensities is 99 

essential from a clinical and research perspective.  100 

 101 

Changes in muscle length might also influence MMAX values during shortening and 102 

lengthening contractions. It has been recommended (Zehr, 2002) that MMAX is 103 

expressed relative to the specific muscle action (i.e., shortening or lengthening muscle 104 

actions). However, evidence has shown no difference between MMAX amplitude when 105 

recorded during shortening and lengthening actions (Linnamo et al., 2001b; Duclay & 106 

Martin, 2005). Ensuring the reference values are recorded to a standardised muscle 107 

length appears essential in the interpretation of EMG signals.  108 

 109 

V-wave reflects the efferent neural output during voluntary muscle activation (Aagaard 110 

et al., 2002). In the literature, V-wave is expressed relative to a mean M-wave (MSUP) 111 

during a number of maximal contractions, (Aagaard et al., 2002; Duclay & Martin, 112 

2005; Gondin et al., 2006) or maximal peak-to-peak MMAX amplitude from the same 113 

number of responses (Tallent et al., 2012b; Tallent et al., 2013). Due to the increased 114 
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potential for phase cancellation at higher contraction intensities it is unclear how these 115 

different reference values (MMAX or MSUP) affect the outcome and interpretation of the 116 

V-wave. Investigating how MMAX is modulated under different muscle actions, and at 117 

varying contraction intensities might provide helpful methodological evidence for the 118 

use of MMAX in experimental paradigms where neurophysiological parameters require 119 

normalisation.  120 

 121 

Therefore, the aim of this study was to investigate changes in MMAX under a variety of 122 

contraction modes and intensities and examine MSUP during maximal shortening and 123 

lengthening contractions in the TA. The results from this study will provide guidance 124 

for researchers in the use of MMAX as a reference value. 125 

 126 

Methods 127 

Participants  128 

Based on previous work (Kim et al., 2005) examining greater MMAX amplitudes during 129 

higher contraction intensities (12%; Cohen’s d = 0.45), a total of 22 participants were 130 

recruited for the study to achieve a statistical power of 0.8 with an alpha level of 0.05. 131 

Following institutional (Northumbria University) ethical approval, 22 males (mean ± 132 

SD, age 23 ± 3 years, stature 178.0 ± 7.0 cm, mass 83.1 ± 9.3 kg) volunteered to 133 

participate.  After being fully briefed on the experimental protocol and screened for 134 

contraindications to the procedures, volunteers provided written informed consent.   135 

 136 

 137 

 138 
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General Procedure  139 

Two identical trials were completed, on two consecutive days at the same time of day, 140 

with the first trial used to familiarise the participants with the procedures as based on 141 

previous recommendations by our laboratory (Tallent et al., 2012a). All contractions 142 

were performed on an isokinetic dynamometer (Cybex Norm, Cybex International, NY) 143 

that was set up for ankle dorsiflexion of the dominant limb. Footedness was assessed 144 

using the questionnaire from Hebbal and Mysorekar (2006). The foot was strapped 145 

into an ankle adaptor and the knee was secured into a thigh stabiliser to prevent any 146 

extraneous movements. The hip, knee and ankle were set at joint angles of 90, 120 147 

and 90°, respectively, according to the manufacturer’s instructions. Shortening and 148 

lengthening contractions consisted of participants moving through a range of 30° (± 149 

15° from the ankle at 90°) at an angular velocity of 15°·s−1. Shortening and lengthening 150 

contractions began at an ankle angle of 105° and 75° respectively. For shortening 151 

muscle actions, participants were instructed to assist the movement of the foot 152 

adaptor, and for lengthening the actions required participants to resist movement of 153 

the foot adaptor. All responses (torque and EMG) were recorded as the ankle joint 154 

passed through anatomical zero (90°). To ensure torque and EMG were recorded at 155 

the correct angle, a trigger was set to automatically sweep as the ankle passed 90°. 156 

Once secured in the isokinetic dynamometer, participants initially performed 157 

shortening, lengthening and isometric MVCs. The highest torque in each muscle 158 

action (shortening, lengthening and isometric) from three trials was recorded as the 159 

contraction-specific MVC.  160 

 161 
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The MMAX was recorded at 10% of isometric, 25% and 100% shortening and 162 

lengthening MVC. A 10% isometric contraction is often used to stabilise the H-reflex 163 

in the TA (Griffin & Cafarelli, 2007; Tallent et al., 2012a), and consequently this was 164 

considered the resting MMAX value. The simulation intensity for eliciting MMAX was set 165 

at 150% above a plateau in peak-to-peak MMAX amplitude. This was recorded through 166 

an increasing stimulation intensity at 10% isometric MVC and verified during 25% 167 

shortening and lengthening contractions. Establishing MMAX took around 64 gradually 168 

increasing intensity pulses at 10% isometric MVC. MSUP was calculated from the 169 

average of 5 traces at 100% shortening and lengthening MVC, whilst MMAX during a 170 

maximal contraction was recorded as the greatest peak-to-peak amplitude of the 5 171 

contractions. The order of contraction intensity (10%, 25%, 100%) and type 172 

(shortening and lengthening) was randomised.     173 

 174 

Percutaneous Nerve Stimulation 175 

Searching for optimal site of stimulation began below the head of the fibula, over the 176 

peroneal nerve. A 1 ms electrical stimulation was administrated using a 40 mm 177 

diameter cathode/anode arrangement (Digitimer DS7AH, Welwyn Garden City, 178 

Hertfordshire, UK). Once the optimal site was located, the sight was marked with semi-179 

permanent ink. The cathode/anode was strapped to the participants leg for the entirety 180 

of the experiment.  181 

 182 

EMG  183 

Bipolar surface EMG was recorded over the TA using electrodes (22 mm diameter, 184 

model; Kendall, Tyco Healthcare Group, Mansfield, MA, USA) spaced 2 cm apart. The 185 



9 

 

reference electrode was placed over the medial malleolus, whilst the TA electrodes 186 

were placed at one-third distance of the line between the tip of the fibula and the tip of 187 

the medial malleolus (Hermens et al., 2000). All sites were shaved, abraded and then 188 

wiped clean with an alcohol swab prior to electrode placement. The EMG was 189 

amplified (×1000), band pass filtered (10-1,000 Hz) and sampled at 5 kHz (CED Power 190 

1401, Cambridge Electronic Design, Cambridge, UK). M-waves were recorded during 191 

a 500 ms window, starting 50 ms before anatomical zero. Once MMAX stimulator was 192 

established, all further analyses were performed off-line.  193 

 194 

Torque 195 

To ensure that participants reached the required target torque level, real time feedback 196 

was provided on a computer monitor positioned 1 m away. Live feedback was 197 

displayed on the monitor of the dynamometer to provide feedback on target forces to 198 

achieve during each condition. The torque signal was sampled at 5 kHz, extracted 199 

from the dynamometer and synchronized with the EMG signal and analysed off line 200 

(Signal v3.0, Cambridge Electronics, Cambridge, UK).     201 

 202 

Statistics 203 

A one-way ANOVA was used to detect differences between MMAX at 10% isometric 204 

MVC, 25%, 100% and MSUP at 100% shortening and lengthening MVC. Where 205 

necessary, LSD post-hoc analysis was used to make pairwise comparisons with 95% 206 

CI (SPSS, v20.0, Chicago, Illinois, USA). Coefficient of determination and the limits of 207 

agreement (Bland & Altman, 1986) with 95% CI were also calculated between the 208 

variables (GraphPad Software Inc, La Jolla, CA, USA). Correlation coefficients were 209 
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determined as 0.0–0.1 = trivial, 0.10–0.3, small, 0.3–0.5 = moderate, 0.5–0.7 = large, 210 

and 0.7–0.9 = very large (Hopkins, 2009). Effect sizes (η2) were defined as: 0.2 trivial, 211 

0.21–0.6 = small, 0.61–1.2 = moderate, 1.21–1.99 = large; > 2.0 = very large. 212 

 213 

Results 214 

Isometric contractions were conducted at an average of 8.28 ± 3.21% (target = 10%) 215 

of isometric MVC, shortening at 26.1 ± 3.66% (target = 25%), 95.6 ± 11.8% (target 216 

= 100%) of shortening MVC and lengthening at 27.1 ± 4.12% (target = 25%), 96.2 ± 217 

9.97% (target = 100%) of lengthening MVC. There was no significant difference (P > 218 

0.05) between lengthening and shortening contraction intensities, showing 219 

contractions were conducted at the same relative intensity.        220 

 221 

Figure 1 shows individual and average MMAX/MSUP amplitudes during varying 222 

isometric, shortening and lengthening contractions intensities and a reprehensive 223 

trace. The ANOVA revealed there were significant differences in MMAX amplitude 224 

between conditions (F(6)= 6.96: P<0.001; η2 = 0.25). Post Hoc analysis showed 10% 225 

isometric MMAX MVC was significantly lower than 25% shortening MMAX (P = 0.03; 95% 226 

CI; −0.03 to −0.69 mV), 25% lengthening MMAX (P = 0.03; 95% CI; −0.05 to −0.64 mV), 227 

100% shortening MMAX (P < 0.01; 95% CI; −0.40 to −1.32 mV), 100% lengthening MMAX 228 

(P < 0.01; 95% CI; −0.37 to −1.32 mV). MMAX was significantly higher at 100% 229 

shortening (P = 0.02; 95% CI; 0.11 to 1.03 mV) and 100% lengthening (P = 0.02; 95% 230 

CI; 0.08 to 1.03) compared to 25% lengthening MMAX.   231 

 232 
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All MMAX amplitudes were significantly (P < 0.001) correlated across intensities (r2, 233 

≥0.64). The highest correlations were between contraction types at the same intensity 234 

with MMAX (100% MVC r2 = 0.87; 25% MVC r2 = 0.86). Bland-Altman plots showed a 235 

bias towards higher MMAX values at higher contraction intensities (Figure 2). There was 236 

no bias between shortening and lengthening contractions. Similarly, isometric MMAX 237 

and MSUP showed no bias.      238 

 239 

Discussion 240 

It has been reported that EMG should be normalised to MMAX under the same muscle 241 

action and contraction intensity (Zehr, 2002; Duclay & Martin, 2005). This study offers 242 

further insight into the influence that contraction conditions may affect the amplitude 243 

of MMAX amplitude. Specifically, the main findings were, 1) there was no difference 244 

between MMAX amplitudes when recorded at like-intensities during shortening and 245 

lengthening contractions; 2) MMAX was influenced by intensity of the contraction, with 246 

an increase and systematic bias to an increase MMAX during higher intensity 247 

contractions; and 3) MMAX at 100% MVC was greater compared to MSUP at 100% MVC. 248 

However, MSUP was not different to MMAX at 10% MVC, showing little systematic bias 249 

and was strongly correlated (r2 ≥ 0.64).  250 

 251 

It has been recommended when using MMAX as a reference value, it should be 252 

recorded under the same contraction intensity as the variable being investigate (Zehr, 253 

2002). The results in this study indicated that with increased contraction intensity the 254 

peak-to-peak MMAX amplitude increased. Previous work has shown similar results in 255 

contraction intensities ranging from 40-80% isometric MVC in TA (Nagata & 256 
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Christianson, 1995) and 10-30% isometric MVC in TA and the soleus (Frigon et al., 257 

2007). Although this effect is reported previously and supported by the current study, 258 

the exact mechanisms for this remains unclear. Frigon et al. (2007) suggested that 259 

MMAX increased at higher contraction intensities because the muscle length has be 260 

shown to be up to 28% shorter at the same joint angle (Griffiths, 1991); and thus, could 261 

improve the synchronisation of the action potential. However, contrary to our findings, 262 

other authors have reported no change (Linnamo et al., 2001a; Lee & Carroll, 2005) 263 

or even a decrease (Linnamo et al., 2001b) in MMAX with increasing contraction 264 

intensities. The high degree of variability between subjects might explain why the 265 

literature offers little consistency (Lee & Carroll, 2005). In addition, phase cancellation 266 

has shown to reduce the EMG response at the muscle during higher contraction 267 

intensities (Keenan et al., 2006; Farina et al., 2008). If the responses in EMG are 268 

muted at higher contraction intensities then the lack of change in MMAX amplitude 269 

appears to be associated with the limitations in surface EMG recording (Farina et al., 270 

2014).   271 

 272 

Our results support previous findings that showed no difference in MMAX under 273 

shortening and lengthening contractions (Linnamo et al., 2001b; Duclay & Martin, 274 

2005) when measured at the same joint angle. Supramaximal stimulation of the 275 

peripheral nerve at shorter muscle lengths improves the synchronisation of the action 276 

potential (Kim et al., 2005). With an enhanced synchronisation of the action potential 277 

there is an increase in MMAX (Kim et al., 2005). However, the varying pennation angle 278 

of muscles might explain why not all studies have found increases in MMAX at shorter 279 

muscle lengths (Gerilovsky et al., 1977; Gerilovsky et al., 1989; Frigon et al., 2007). 280 
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Furthermore, it is expected that an increase in MMAX at shorter muscle lengths should 281 

be associated with decreased duration of MMAX, although this is not consistently 282 

observed (Frigon et al., 2007). In our study, MMAX was recorded during shortening and 283 

lengthening muscle contractions and importantly, electrical stimulation was delivered 284 

at the same joint angle, with the assumption that the muscle was at the same length. 285 

Furthermore, current data also showed a strong positive correlation, and a good level 286 

of agreement, between MMAX during shortening and lengthening muscle actions. Thus, 287 

it appears that EMG signals do not necessarily need to be expressed relative to a 288 

contraction specific MMAX, rather, the joint angle should be consistent (Nagata & 289 

Christianson, 1995; Kim et al., 2005; Frigon et al., 2007). A high level of agreement 290 

and a strong correlation was found between shortening and lengthening muscle 291 

actions, despite lengthening muscle actions generating a higher level of absolute 292 

torque. The differences in MMAX at an ‘absolute’ torque might explain why there is a 293 

small discrepancy between shortening and lengthening MMAX at the same relative 294 

intensity.    295 

 296 

Unlike MEP’s, H-reflex and EMG signals, V-wave is expressed relative to an MSUP 297 

(Aagaard et al., 2002; Duclay & Martin, 2005; Gondin et al., 2006) or MMAX (Tallent et 298 

al., 2012b; Tallent et al., 2013). In this study, there was no difference in MMAX at a low 299 

intensity contraction (≤ 25%) and MSUP. This would suggest that EMG/V-waves 300 

recorded during an MVC could be expressed relative to a low intensity MMAX 301 

contraction. There was also good level of agreement between MSUP and MMAX at low 302 

intensity contractions suggesting these values could be used interchangeably, 303 
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although in the interest of rigor, it would be sensible to use a single well controlled 304 

MMAX measure to normalise all conditions.    305 

 306 

Conclusion 307 

The results from this study show that MMAX is not altered by shortening or lengthening 308 

contraction type, but is modulated with changes in contraction intensity. Possible 309 

mechanisms may be due to the shortened muscle lengths at the higher contraction 310 

intensities. MMAX should be used relative to task specific contraction intensities and it 311 

is vital that it is recorded under consistent reproducible conditions. No differences were 312 

seen between MMAX at low intensity contractions and MSUP at 100% MVC. There was 313 

also low systematic bias and strong correlations suggesting V-wave can be expressed 314 

relative to MMAX recorded during low intensity contractions or MSUP at 100% MVC. It is 315 

our recommendation that MMAX should be recorded at specific contraction intensities 316 

but not necessarily a specific contraction type. However, consistency of MMAX 317 

recording throughout the experiment is vital.  318 



15 

 

References 319 

Aagaard P, Simonsen EB, Andersen JL, Magnusson P & Dyhre-Poulsen P (2002). 320 
Neural adaptation to resistance training: changes in evoked V-wave and H-321 
reflex responses. Journal of Applied Physiology 92, 2309-2318. 322 

 323 
Arányi Z, Mathis J, Hess CW & Rösler KM (1998). Task-dependent facilitation of 324 

motor evoked potentials during dynamic and steady muscle contractions. 325 
Muscle & Nerve 21, 1309-1316. 326 

 327 
Bland JM & Altman DG (1986). Statistical methods for assessing agreement 328 

between two methods of clinical measurement. Lancet 1, 307-310. 329 

 330 
De Luca CJ (1997). The use of Electromyography in Biomechanics Journal of 331 

Applied Biomechanics 13, 18. 332 

 333 
Duclay J & Martin A (2005). Evoked H-Reflex and V-Wave Responses During 334 

Maximal Isometric, Concentric, and Eccentric Muscle Contraction. Journal of 335 
Neurophysiology 94, 3555-3562. 336 

 337 
Farina D, Cescon C, Negro F & Enoka RM (2008). Amplitude cancellation of motor-338 

unit action potentials in the surface electromyogram can be estimated with 339 
spike-triggered averaging. J Neurophysiol 100, 431-440. 340 

 341 
Farina D, Merletti R & Enoka RM (2014). The extraction of neural strategies from the 342 

surface EMG: an update. J Appl Physiol (1985) 117, 1215-1230. 343 

 344 
Frigon A, Carroll TJ, Jones KE, Zehr EP & Collins DF (2007). Ankle position and 345 

voluntary contraction alter maximal M waves in soleus and tibialis anterior. 346 
Muscle Nerve 35, 756-766. 347 

 348 
Gerilovsky L, Gydikov A & Radicheva N (1977). Changes in the shape of the 349 

extraterritorial potentials of tonic motor units, M- and H-responses of triceps 350 
surae muscles at different muscle lengths and under conditions of voluntary 351 
activation. Exp Neurol 56, 91-101. 352 

 353 
Gerilovsky L, Tsvetinov P & Trenkova G (1989). Peripheral effects on the amplitude 354 

of monopolar and bipolar H-reflex potentials from the soleus muscle. Exp 355 
Brain Res 76, 173-181. 356 

 357 



16 

 

Gondin J, Duclay J & Martin A (2006). Soleus- and gastrocnemii-evoked V-wave 358 
responses increase after neuromuscular electrical stimulation training. J 359 
Neurophysiol 95, 3328-3335. 360 

 361 
Goodall S, Romer LM & Ross EZ (2009). Voluntary activation of human knee 362 

extensors measured using transcranial magnetic stimulation. Experimental 363 
Physiology 94, 995-1004. 364 

 365 
Griffiths RI (1991). Shortening of muscle fibres during stretch of the active cat medial 366 

gastrocnemius muscle: the role of tendon compliance. J Physiol 436, 219-367 
236. 368 

 369 
Hebbal GV & Mysorekar VR (2006). Evaluation of some tasks used for specifying 370 

handedness and footedness. Perceptual and Motor Skills 102, 163-164. 371 

 372 
Hermens HJ, Freriks B, Disselhorst-Klug C & Rau Gn (2000). Development of 373 

recommendations for SEMG sensors and sensor placement procedures. 374 
Journal of Electromyography and Kinesiology 10, 361-374. 375 

 376 
Hopkins A (2009). A Scale of Magnitudes for Effect Statistics. A New View of 377 

Statistics. 378 

 379 
Howatson G, Taylor MB, Rider P, Motawar BR, McNally MP, Solnik S, DeVita P & 380 

Hortobágyi T (2011). Ipsilateral motor cortical responses to TMS during 381 
lengthening and shortening of the contralateral wrist flexors. European 382 
Journal of Neuroscience 33, 978-990. 383 

 384 
Keenan KG, Farina D, Merletti R & Enoka RM (2006). Amplitude cancellation 385 

reduces the size of motor unit potentials averaged from the surface EMG. J 386 
Appl Physiol (1985) 100, 1928-1937. 387 

 388 
Kidgell DJ & Pearce AJ (2010). Corticospinal properties following short-term strength 389 

training of an intrinsic hand muscle. Human Movement Science 29, 631-641. 390 

 391 
Kim BJ, Date ES, Park BK, Choi BY & Lee SH (2005). Physiologic changes of 392 

compound muscle action potentials related to voluntary contraction and 393 
muscle length in carpal tunnel syndrome. J Electromyogr Kinesiol 15, 275-394 
281. 395 

 396 



17 

 

Lee M & Carroll TJ (2005). The amplitude of Mmax in human wrist flexors varies 397 
during different muscle contractions despite constant posture. Journal of 398 
Neuroscience Methods 149, 95-100. 399 

 400 
Linnamo V, Strojnik V & Komi PV (2001a). Electromyogram power spectrum and 401 

features of the superimposed maximal M-wave during voluntary isometric 402 
actions in humans at different activation levels. Eur J Appl Physiol 86, 28-33. 403 

 404 
Linnamo V, Strojnik V & Komi PV (2001b). EMG power spectrum and maximal M-405 

wave during eccentric and concentric actions at different force levels. Acta 406 
Physiol Pharmacol Bulg 26, 33-36. 407 

 408 
Marsh E, Sale D, McComas AJ & Quinlan J (1981). Influence of joint position on 409 

ankle dorsiflexion in humans. J Appl Physiol Respir Environ Exerc Physiol 51, 410 
160-167. 411 

 412 
Nagata A & Christianson JC (1995). M-wave modulation at relative levels of maximal 413 

voluntary contraction. Eur J Appl Physiol Occup Physiol 71, 77-86. 414 

 415 
Tallent J, Goodall S, Hortobágyi T, St Clair Gibson A, French DN & Howatson G 416 

(2012a). Repeatability of Corticospinal and Spinal Measures during 417 
Lengthening and Shortening Contractions in the Human Tibialis Anterior 418 
Muscle. PLoS One 7, e35930. 419 

 420 
Tallent J, Goodall S, Hortobagyi T, St Clair Gibson A & Howatson G (2013). 421 

Corticospinal responses of resistance-trained and un-trained males during 422 
dynamic muscle contractions. J Electromyogr Kinesiol 23, 1075-1081. 423 

 424 
Tallent J, Goodall S, Hortobágyi T, St. Clair Gibson A, French DN & Howatson G 425 

(2012b). Recovery time of motor evoked potentials following lengthening and 426 
shortening muscle action in the tibialis anterior. Journal of Clinical 427 
Neuroscience, doi:10.1016/j.jocn.2012.1001.1022. 428 

 429 
Yamashita S, Kawaguchi T, Fukuda M, Suzuki K, Watanabe M, Tanaka R & 430 

Kameyama S (2002). Lateral spread response elicited by double stimulation 431 
in patients with hemifacial spasm. Muscle Nerve 25, 845-849. 432 

 433 
Zehr P (2002). Considerations for use of the Hoffmann reflex in exercise studies. 434 

European Journal of Applied Physiology 86, 455-468. 435 

 436 



18 

 

 437 

Competing interests 438 

The authors have no competing interests to declare, financial or otherwise. 439 

 440 

Funding 441 

No funding was received for this study. 442 

 443 

Acknowledgements 444 

No acknowledgements 445 

 446 

Author Contributions 447 

Experiments were performed at Northumbria University. JT, SG and GH designed 448 

the study protocol; JT and SG acquired the data; JT, SG, DK, RD and GH analysed 449 

and interpreted the data; JT, SG, DK, RD and GH drafted or revised the final 450 

manuscript. All authors approved the final version of the manuscript and agree to be 451 

accountable for all aspects of the work. All persons listed qualify for authorship. 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 



19 

 

 461 

 462 

Figure 1. Clear dots represent individual responses at different MMAX contraction 463 

intensities and contraction types (A). Bars represent mean MMAX and MSUP responses 464 

(mean ± SD) (B). Representative trace from a single participant of MMAX recorded at 465 

10% ISO, SHO and LEN 25% and 100% MVC, SHO and LEN MSUP (C). ISO = 466 

Isometric, SHO = Shortening, LEN = lengthening; *denotes significantly (P < 0.05) 467 

different from 25% and 100%, SHO and LEN MVC MMAX; **denotes significantly 468 

different from 100% SHO and LEN MMAX; ***denotes significantly different from SHO 469 

and LEN MSUP.   470 

 471 
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 473 

Figure 2. Bland-Altman plots for MMAX and MSUP (mV) across varying contraction 474 

intensities and type. Dashed line indicated change in mean with 95% confidence 475 

intervals. Dots represent individual responses.  476 


