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Abstract 19 

Purpose: Transcranial magnetic stimulation (TMS) provides an indication of changes 20 

occurring in the corticospinal pathway. This study aimed to determine the between-day (trials 21 

1 week apart) and within-day (trials 1h apart) reliability of TMS and peripheral nerve 22 

stimulation. Methods: 22 male participants (age 23±4 years; height 1.80±0.07 m; body mass 23 

75.1±11.7 kg; body mass index 23.1±2.5 kg.m-2) completed 2 familiarisation sessions and 3 24 

experimental trials (trial 2 and 3 split by 1h). The interpolated twitch technique was used to 25 

determine TMS-assessed voluntary activations (VA-TMS) superimposed on submaximal and 26 

maximal leg extension performed on a custom-built dynamometer. Reliability was assessed 27 

using equivalence tests, systematic error, 95 % limits of agreement, intraclass correlation 28 

coefficient (ICC) and coefficient of variation (CV). Results: VA-TMS was equivalent between-29 

day (94.1±4.4% versus 93.7±4.9%, P<0.01) and within-day (93.7±4.9% versus 93.7±4.8%, 30 

P<0.01). Systematic error (95% limits of agreement) for VA-TMS was −0.5% (−5.1%, 4.2%) 31 

for between-day and -0.0% (−5.3%, 5.4%) for within-day. ICC and CV values demonstrated 32 

high reliability between-day (ICC=0.93, CV=2.5%) and within-day (ICC=0.92, CV=2.9%). 33 

Conclusion: Results indicate that TMS can reliably estimate the output of the motor cortex to 34 

the knee extensors, both between-day and within-day. The findings have been used to 35 

estimate sample sizes for this technique for future research.  36 

Keywords: Cortical, force, neuromuscular, quadriceps, TMS, voluntary activation. 37 

  38 
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1. Introduction 39 

Voluntary muscle activation, a key factor in neuromuscular function and thus the changes 40 

that occur with training, ageing, fatigue and injury, is widely assessed with the interpolated 41 

twitch technique (ITT) in order to quantify and express neural drive to the agonist muscles 42 

(Merton 1954; Gandevia 2001). The interpolated twitch technique involves comparing the 43 

force response to a post-contraction potentiated twitch at rest to the response when a stimulus 44 

is superimposed on top of a maximal voluntary contraction (Behm et al. 1996; Gandevia 45 

2001). The stimulus can be delivered at either the peripheral or cortical level in order to 46 

measure peripheral or transcranial magnetic stimulation assessed voluntary activation (VA-47 

TMS) (Herbert & Gandevia, 1996; Gandevia et al. 1996). VA-TMS is estimated using 48 

transcranial magnetic stimulation (TMS) and provides an indication of the lack of drive from 49 

the cortical and subcortical structures to the motor cortex, which is known to be involved in 50 

volitional movement (Goodall et al. 2015a; Goodall et al. 2015b; Goodall et al. 2017; 51 

Goodall et al. 2014; Sidhu et al. 2009; Temesi et al. 2014; Temesi et al. 2017). Specifically, 52 

understanding the mechanisms of fatigue for the knee extensors is extremely important and 53 

has implications for exercise performance and health. Peripheral voluntary activation can be 54 

used to reflect modulation at any level of the central nervous system but is limited to 55 

distinguish these specific mechanisms (Gandevia 1992).  56 

TMS coupled with voluntary contractions has been used extensively in the assessment of 57 

cortical function and central fatigue (Dekerle et al. 2019; Goodall et al. 2015a; Goodall et al. 58 

2015b; Goodall et al. 2017; Goodall et al. 2014; Klass et al. 2016; Ross et al. 2010; Ross et 59 

al. 2007; Sidhu et al. 2009; Temesi et al. 2014; Temesi et al. 2017). This technique utilises 60 

the superimposed twitch response (SIT) upon contractions of various intensities to create a 61 

linear regression (Todd et al. 2003). The SIT represents the force difference between the peak 62 
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twitch torque and the force immediately prior to stimulation (e.g. the voluntary contraction). 63 

This method is required due to the lack of corticospinal excitability at rest, meaning the 64 

resting twitch would not accurately depict a maximum twitch. Extrapolating the regression, 65 

using Y=0, provides an estimated resting twitch (ERT), to demonstrate the response if the 66 

muscle was at rest.  67 

Goodall et al (2014) found a high within day reliability for the estimation of VA-TMS 68 

(CV=10.2%, ICC=0.82) and between day reliability (CV=2.2%, ICC=0.87) (Goodall et al. 69 

2017). However, despite demonstrating a good level of reliability, these studies used 7 and 8 70 

participants, respectively. Two further studies have assessed the reliability of VA-TMS in this 71 

muscle group in greater detail (Goodall et al. 2009; Sidhu et al. 2009) and similarly, these 72 

studies had low participant numbers and did not control for time of day, despite known 73 

variations in both isometric knee extensor torque (Callard et al. 2000; Racinais et al. 2005) 74 

and corticospinal excitability (Tamm et al. 2009) across the day. Sidhu et al. (2009) only 75 

assessed between day reliability, whereas Goodall et al. (2009) was the first study to assess 76 

between and within day reliability in this muscle group. A high degree of within day 77 

reliability (CV=3.7% (Goodall et al. 2009) and CV=3.1% (Sidhu et al. 2009)) and between 78 

day reliability (Goodall et al. 2009) has previously been demonstrated. More recently Dekerle 79 

et al. (2019) found between day measures of VATMS to be highly reliable. However, one issue 80 

prevailing across current TMS related reliability studies is the limited participant numbers 81 

(n=8-12) (Dekerle et al. 2019; Goodall et al. 2009; Heroux et al. 2015; Ngomo et al. 2012; 82 

Sidhu et al. 2009). This has been highlighted as a major flaw in neurophysiology research in 83 

the review by Heroux et al. (2015) lending to irreproducible results. Thus, based upon the 84 

recommendations of Atkinson and Nevill (Atkinson and Nevill 2001) a reliability study 85 

employing an appropriate sample size >20, alongside controlling for time of day  is warranted 86 

in order to reflect the true variability of a technique. 87 
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A further issue for the estimation of VATMS is the means by which the optimal intensity for 88 

stimulation is established. A way in which optimal intensity can be established is through the 89 

production of individualized stimulus-response curves, however, this has yet to be thoroughly 90 

tested. The need to establish the optimal stimulation intensity is due to risk of biasing your 91 

estimated of VATMS if the stimulus is not supramaximal or if the stimulus recruits too much 92 

hamstring activation. A preliminary aim was to set up a study in which optimal stimulus 93 

intensity was determined, in order to inform the reliability study. 94 

Electromyography (EMG) responses also provide vital information regarding the stimulation 95 

conditions (Ngomo et al. 2012). The EMG responses to TMS show a motor evoked potential 96 

(MEP), which can provide further information regarding the corticospinal excitability of a 97 

muscle (Goodall et al. 2012). Therefore, documenting the reliability of the stimulation 98 

conditions during contractions which are greater than 50% MVC may be useful in extending 99 

the understanding of the mechanisms involved in fatigue.  100 

The aim of the present study was to assess the between-day and within-day reliability of VA-101 

TMS, whilst also assessing the influence of familiarisation on reliability. It was hypothesised 102 

that these measures would be highly reproducible, and that the inclusion of two 103 

familiarisation sessions would improve the reliability of these measures. 104 

A prominent issue across neurophysiology research is inadequate sample sizes (Heroux et al. 105 

2016). Therefore, an additional aim was to provide researchers with sample size and power 106 

analysis using the intra-class correlations from our study to inform good practice in future 107 

research. 108 

2. Methods 109 

2.1.Participants 110 
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Twenty-two recreationally active males (age 23±4 years; height 1.80±0.07 m; body mass 111 

75.1±11.7 kg; body mass index 23.1±2.5 kg.m-2) participated in the study. Volunteers 112 

completed a health screen questionnaire and provided written informed consent prior to their 113 

participation in this study that was approved by the University Human Ethical Review 114 

Committee. 115 

2.2.Study Design 116 

2.2.1. Stimulus Response Study 117 

A preliminary study was completed in 10 participants (mean ± SD): age 25 ± 2 years, height 118 

181 ± 1 cm, body mass 77 ± 2 kg and body mass index 24 ± 1 kg.m2 to establish the optimal 119 

stimulation intensity. Participants visited the laboratory for 90 min on two separate occasions 120 

to complete a familiarisation and one test session.   121 

2.2.2. Reliability Study 122 

Participants were required to attend the laboratory at the same time of day on four separate 123 

occasions to complete two familiarisation sessions (where any contraindications to TMS were 124 

identified) and two experimental sessions. The familiarisation sessions involved an identical 125 

protocol as the experimental sessions. Between day reliability was assessed between the 126 

second familiarisation and experimental session one, to establish the need for more extensive 127 

familiarisation protocols. Session one and session two were separated by exactly one week to 128 

further assess between-day reliability. Experimental session two involved two repeats of the 129 

protocol, separated by 1h, allowing for the assessment of within-day reliability. 130 

2.3. Measurements 131 
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2.3.1. Knee extension force 132 

A custom-built dynamometer was used to measure knee extensor torque (Johnson et al. 133 

2015). The participant was sat with hip and knee joints at 100  ̊(full extension=180 ̊). 134 

Participants were strapped to the chair across the chest and pelvis, in order to prevent 135 

displacement during contractions. The dominant leg was strapped to a strain gauge (615, 136 

Teda-Huntleigh, Herzliya, Israel), positioned perpendicular to the tibia, using an ankle cuff 137 

which was 2 cm proximal to the medial malleolus. The force signal was amplified (×1000) 138 

and sampled at 2000 Hz using an external A/D converter (1401; CED, Cambridge, UK), 139 

interfaced with a personal computer (PC) using Signal 5.08 software. 140 

2.3.2. Electromyography (EMG) 141 

Electromyographic signals were recorded form the vastus lateralis (VL), rectus femoris (RF), 142 

vastus medialis (VM) and biceps femoris (BF). Bipolar surface electrodes (2.5cm between-143 

electrode distance; silver/silver chloride, 95mm2 area, Ambu, Ballerup, Denmark) were 144 

attached to each muscle at distances based on percentages of thigh length measured from the 145 

knee joint space to greater trochanter: VL, 45%; RF, 55%; VM, 25%; BF, 50%. Electrodes 146 

were placed parallel to the assumed orientation of the muscle fibres and medio-laterally over 147 

the belly of the muscle. EMG signals were pre-amplified by active EMG leads (input 148 

impedance 100M, CMMR > 100 dB. Base gain 500, 1st order high pass filter set to 10 Hz; 149 

Noraxan, Scottsdale, U.S.A) connected in series to a custom-built junction box and 150 

subsequently to the same A/D converter and PC software that enabled synchronisation with 151 

the force data. The signals were sampled at 2000 Hz. EMG data was band-pass filtered in 152 

both directions between 20 and 450Hz using a fourth-order zero-lag Butterworth filter prior 153 

to analysis. 154 
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2.3.3. Electrical stimulation of the femoral nerve 155 

Electrical stimuli were delivered via percutaneous stimulation over the femoral nerve. A 156 

cathode stimulation probe (1cm diameter,), complete with an anode (4 × 7cm carbon rubber 157 

electrode, Electro Medcal Supplies), was coated in electrode gel and pressed into the femoral 158 

triangle to achieve stimulation. Square wave pulses, 200µs in duration were delivered via a 159 

constant current variable voltage stimulator (Model DS7AH, Digitimer, Ltd, Welwyn Garden 160 

City, UK), using a submaximal electrical current (approximately 40mA). The precise location 161 

of the femoral nerve was determined by both the greatest twitch response and the M-wave 162 

response to this current and marked with indelible ink to ensure reproducibility of placement. 163 

In order to ensure supramaximal stimulation, the current was increased in a step-wise manner 164 

until the amplitude of twitch force and M-waves plateaued. The current at this plateau was 165 

multiplied by 1.2 and used for the remainder of the testing (Buckthorpe et al. 2012). 166 

2.3.4. Transcranial magnetic stimulation of the motor cortex 167 

TMS of the motor cortex was achieved using a double-cone coil (11cm diameter) and 168 

delivered via a magnetic stimulator (Magstim 2002, Magstim Company Ltd, Dyfed, UK). The 169 

coil was held manually over the motor cortex on the side contralateral to the involved leg and 170 

oriented in order to induce a posterior-to-anterior current in the brain. The optimal coil 171 

position on the scalp (hotspot) to maximally stimulate the knee extensor muscles was located 172 

by initiating stimulation during submaximal voluntary contractions (20% MVF), with a 173 

stimulation intensity of approximately 80% of maximum output (MO). The optimal position 174 

was defined as the one producing the greatest SIT force and MEP amplitude, and was marked 175 

using indelible ink. 176 

The resting motor threshold was determined by decreasing the stimulation intensity in 1% 177 

increments, starting at 100% of maximum output until the MEP amplitude of the knee 178 
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extensors exceeded 50 µV in approximately 50% of stimuli across 5 stimuli. The active 179 

motor threshold was determined whilst the participant performed 20% MVF contraction, and 180 

by decreasing the stimulation intensity in 1% increments starting at the resting motor 181 

threshold. The active motor threshold was defined as the point where MEP amplitude of the 182 

knee extensors was just over 200µV in 50% of stimuli. The stimulus intensity at active motor 183 

threshold was multiplied by 1.4 and used throughout the remainder of the testing.  184 

2.4.Stimulus Response Study Protocol 185 

18 sets of contractions (80, 60, 40, 20% MVF) were performed with TMS delivered at the 186 

plateau of each contraction and at rest. Sets were organised into 3 blocks of 6. For each set 187 

within a block, TMS was delivered at one of six intensities (50 – 100% MSO), such that three 188 

sets were performed at each stimulus intensity. 189 

Two-way repeated measures ANOVA was used to evaluate the effect of voluntary force level 190 

[0, 20, 40, 60 and 80% MVF] and stimulus intensity [50, 60, 70, 80, 90, 100%] on absolute 191 

TMS-evoked twitch force, and normalised knee extensor and flexor MEP amplitudes. 192 

Significant interactions were followed-up by using separate one-way repeated measures 193 

ANOVA to evaluate the influence of voluntary force level and stimulus intensity on TMS-194 

evoked twitch force, knee extensor and flexor MEPs, using Bonferroni corrected t-tests to 195 

locate specific differences.  196 

Linear regressions were performed to evaluate the relationship between voluntary force level, 197 

between 60-80% MVF, and TMS-evoked force at the same force levels, for each of the 6 198 

TMS stimulus intensities. For each stimulus intensity, the linear regressions involved using 199 

the three stimuli at each force level, such that regressions comprised of 6 data points in total. 200 

The explained variance (R2) were calculated for each stimulus intensity and compared using 201 
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one-way repeated measures ANOVA with Bonferroni corrected t-tests to locate specific 202 

differences between stimulus intensities. 203 

The intensity chosen for the reliability study was due to this preliminary stimulus response 204 

data demonstrating a plateau in stimulus response at approximately 130% of AMT, therefore 205 

this intensity ensures stimulation is supramaximal. 206 

2.5. Reliability Study Protocol 207 

2.5.1. Preliminary measures 208 

Once seated, the skin was prepared, and EMG electrodes applied. The femoral nerve was 209 

located at rest and stimulation thresholds determined. 8 (2 at each intensity) submaximal 210 

voluntary warm-up contractions were completed at 55%, 70%, 85% and 90% of estimated 211 

MVF.  212 

2.5.2. Maximal voluntary force  213 

Prior to and following the 6 sets of voluntary contractions, 2 MVCs of the knee extensors, 214 

each separated by 20s rest, were performed. Participants were instructed to contract as hard as 215 

possible for 3s, whilst being provided with biofeedback and encouragement. This process, 216 

allowed the assessment of whether the protocol had resulted in significant levels of fatigue, 217 

defined as a reduction in MVF.  218 

Hotspot location was then determined prior to establishing motor threshold during active 219 

contraction (20% of MVF) and at rest. 220 

2.5.3. Voluntary contractions with electrical stimulation and TMS 221 

Participants completed 6 sets of voluntary contractions, lasting approximately 3 s and 222 

separated by 10s (Figure 1). Three sets (sets 1, 3 and 5) consisted of a single contraction at 223 



Reliability of TMS of the knee extensors 11 

100%, 85%, 70% and 55% MVF with magnetic stimulation superimposed on the peak of the 224 

contraction. The remaining 3 sets (sets 2, 4 and 6) consisted of one contraction at 100% MVF 225 

with electrical stimulation superimposed on the peak of the contraction and immediately after 226 

the contraction. Each set was separated from the preceding set by 120s. Measurements 227 

included volitional force at the onset and peak of the superimposed twitch, in order to 228 

calculate twitch magnitude, and peak to peak amplitudes of the MEP (TMS) and M-wave 229 

(electrical stimulation). An average value amplitude was calculated across the 3 sets for each 230 

session. These values were normalised to Mmax, which is defined as the maximum M-wave 231 

potential seen within the session (Gandevia 2001). 232 

2.6. Data and statistical analyses 233 

Voluntary activation 234 

Peripheral voluntary activation was quantified by measurement of the torque responses to 235 

electrical stimulation of the femoral nerve. SIT was determined by placing a cursor at the 236 

onset of the twitch and a cursor at the peak of the twitch force, the force at the onset of the 237 

twitch was then taken from the peak twitch force. RT was determined using the same method. 238 

These values were substituted into the following equation (Morrison et al. 2004): 239 

Peripheral voluntary activation=1−(SIT/RT) *100 240 

VA-TMS was quantified by measurement of torque responses to magnetic stimulation of the 241 

motor cortex. Estimated resting twitch (ERT) was established by extrapolating the linear 242 

regression for SIT against torque, ranging between 55% and 100% of MVC. All Only 243 

participants who achieved a linear regression where r2 > 0.9 were included for analysis. SIT 244 

for VA-TMS was determined using the same method as above, utilising the TMS response 245 
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during a maximal contraction (100% MVF). The y-intercept was deemed the ERT. VA-TMS 246 

was determined using the equation (Todd et al. 2003): 247 

VA-TMS = 1−(SIT/ERT) *100 248 

Quadriceps MEP values were averaged across contraction sets and sessions.  Mean and SDs 249 

of all MEP and M-wave amplitudes (p-p) were calculated from each contraction set. MEP 250 

values at 100% MVF were normalised to Mmax (e.g. MEP amplitude at 100% 251 

MVF/Mmax*100). BF and VL MEP values were normalized to the maximal voluntary EMG 252 

values during maximal voluntary knee flexion and extension, respectively. 253 

MVF, measured at the beginning and end of each session, was the highest instantaneous 254 

torque achieved across two maximal contractions. 255 

SPSS 22.0 software for Windows (SPSS Inc., Chicago, IL, USA) was used for the statistical 256 

analysis. Data are presented as mean ± standard deviation (SD) and the level of statistical 257 

significance was set at P≤0.05. To determine any differences in values between one 258 

experimental session and the next, equivalence tests were used with bounds based on 10% of 259 

the mean. T test were used to assess the change in MVF across each session to establish 260 

alterations in fatigue. ICCs were applied to assess how well electrical stimulation and TMS 261 

measurements correlated within-day and between-day. 95% confidence intervals were 262 

established.  In order to determine and compare the variability in measures between the two 263 

conditions, the coefficient of variation (CV) and 95% limits of agreement (Bland and Altman 264 

1986) were established. An ICC close to 1 demonstrates excellent reliability, with anything 265 

over 0.9 indicating high reliability and an ICC below 0.8 exhibiting questionable reliability 266 

(Atkinson and Nevill 1998). A CV value of less than 10% is also required to demonstrate 267 

high reliability.  268 

 269 
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2.6.1 Computer Simulation 270 

A statistical simulation of 10,000 experiments 271 

(https://github.com/keithlohse/power_reliability) was run based upon the ICC from the 272 

present study to provide information regarding the statistical power for a range of study 273 

designs (independent t-test, paired t-test, within & between 2 x 2 ANOVA) and sample sizes. 274 

This enables the use of the robust reliability statistics established within this paper to provide 275 

practical recommendations for future studies. Hence helping improve the methodologies of 276 

future neuroscience research. 277 

3. Results 278 

3.1.Stimulus Response Study 279 

There was a main effect of stimulus intensity on the R2 value of the relationship between 280 

voluntary force and evoked force (P < 0.001). The R2 was lower for 50% TMS stimuli by 281 

comparison with 100% MSO and ES (P < 0.001).  282 

A main effect of stimulus intensity (P < 0.001) indicated that there were significant 283 

differences in the y-intercept of the regression between voluntary force and TMS force (60-284 

80% MVF), with lower values for 50% and 60% stimuli compared to 100% MSO (all P < 285 

0.01).  286 

Despite a significant effect of stimulation intensity on relative antagonist MEP amplitude for 287 

the 80% MVF contraction (P < 0.05), follow-up tests revealed no significant differences 288 

between stimulation intensities, likely as a result of the very wide inter-individual variability. 289 

The stimulus response curves demonstrate that there is no decrease in twitch force with 290 

increasing stimulation intensity (Figure 2). Hence, an increase in co-activation of the 291 

https://github.com/keithlohse/power_reliability
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hamstrings does not influence TMS-evoked twitch size. Additionally, when participants 292 

contract to 80 % MVF the SIT doesn’t change regardless of stimulation intensity (Figure 2).  293 

The point at which the stimulus response curve plateaued was around 120-140 % AMT, 294 

hence we deemed 130 % - 140% of AMT to be supramaximal. 295 

3.2.Reliability Study 296 

3.2.1. Familiarisation 297 

The between-day reliability for the second familiarisation session and the first experimental 298 

session show lower levels of reliability for VA-TMS (91.3±5.4% vs 94.1±4.4%, CV = 3.9 % 299 

and ICC = 0.78) than the between-day reliability for experimental session 1 and 2 (94.1 ± 300 

4.4% versus 93.7±4.9%, CV = 2.5 % and ICC = 0.93) (Table 1 & 2; Figure 3).  301 

3.2.2. Voluntary activation 302 

There were no systematic differences in maximal VA-TMS either between-day (94.1 ± 4.4% 303 

versus 93.7±4.9%, CV = 2.5 %) or within-day (93.7±4.9% versus 93.7±4.8%, CV = 2.9 %) 304 

(Table 1; Figure 3). There were no systematic differences in maximal peripheral voluntary 305 

activation either between-day (94.0±3.8% versus 94.0±3.6%, CV = 2.2 %) or within-day 306 

(94.0±3.6% versus 93.0±3.5%, CV = 2.7 %). (See supplementary material for representative 307 

traces). 308 

3.2.3. Potentiated twitch 309 

Potentiated resting twitch force demonstrated no systematic difference between-day 310 

(186±31N versus 190±31N, CV = 7.4 %; Table 3), however a difference was seen within-311 

day, with a lower potentiated twitch in the second session (190±31N versus 178±36 N, CV = 312 

15 %).  313 
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3.2.4. MEP characteristics 314 

Between-day and within-day CV values for MEP amplitude during a maximal voluntary 315 

contraction ranged from 16.7% to 43.3% of Mmax. Between-day and within-day CV values 316 

for Mmax amplitude ranged from 10.8% to 47.7% and Between-day and within-day CV 317 

values for Mmax area ranged from 10.2% to 52.5%. 318 

Peak-to-peak MEP amplitude in all three quadriceps muscles at 55% of MVC was 319 

VM=63.9%, RF=74.3%, VL=64.9%. As contraction intensity continued to increase up to 320 

100%, MEP amplitudes decreased. (See supplementary material for representative traces). 321 

Thresholds 322 

No systematic difference existed between-day or within-day for any RMT, AMT and ES 323 

threshold (Table 3). Within-day CV was  2.3 % for RMT, for  2.7 % AMT and  5.7 % for ES 324 

threshold. Between- day CV was 3.8 % for RMT, 6.6 % for AMT and 10.9 % for ES 325 

threshold. 326 

3.2.5. MVF 327 

Measures of reliability for MVFs can be found in Table 4. Between-day and within-day CV 328 

values for MVF were 6.8% and 5.4% respectively. Group mean MVF before the stimulation 329 

protocol when compared to after the protocol were not significantly different for 330 

experimental session 1 (P = 0.31), 2 (P = 0.13) or 3 (P = 0.84).  331 

3.2.6. Computer simulation  332 

Results of the computer simulations of 1,0,000 experiments can be found in Tables 5 and 6. 333 

The findings highlight the participant numbers required, dependent on the study design and 334 
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methodology (e.g. TMS or electrical stimulation), to ensure results are reliable for that 335 

technique.  336 

4. Discussion 337 

4.1.Stimulus Response Study 338 

The stimulus-response confirmed that ERT was better estimated, indicated by the greater R2 339 

value, with a greater stimulator output. It was also proven that any co-activation of the 340 

hamstrings which may have accompanied the increase in stimulation intensity did not 341 

influence TMS-evoked twitch size. This preliminary study provided the rational for the 342 

intensities used within the main study to evaluate the reliability of TMS in the determination 343 

of voluntary activation. 344 

4.2. Reliability Study 345 

The main findings of this study demonstrate that when participants are extensively 346 

familiarised (two familiarisation sessions) and conditions, such as time of day and prior 347 

exercise, are tightly controlled, TMS provides a reliable between-day (CV=2.5%) and within-348 

day (CV=2.9%) estimate of VA-TMS for the knee extensors. The level of reliability seen for 349 

TMS was comparable to that of electrical stimulation (CV=2.2 & 2.7%, between-day and 350 

within-day, respectively) providing rationale for its use in conjunction with electrical 351 

stimulation to provide a more detailed understanding of muscle function and specifically the 352 

contribution of the motor cortex and subcortical structures (Table 1). The incorporation of a 353 

between-day and within-day design also supports the use of this technique in acute and 354 

repeated-measures research designs. Secondary measures which were assessed showed 355 

variable levels of reliability, with motor thresholds demonstrating high within- and between-356 

day reliability (Table 3), whereas M-wave and MEP responses demonstrated a substantial 357 
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amount of between- and within-day variability. Therefore, care must be taken when 358 

interpreting this data. 359 

The CV values in previous reliability studies (3.7% & 3.1%), with participant numbers of 9 360 

and 8, were higher than that of the present study (Goodall et al. 2009; Sidhu et al. 2009; 361 

Dekerle et al. 2019). Whereas the CV values in the present study demonstrate better 362 

reliability, highlighting the important of greater statistical power. However, Dekerle et al 363 

(2019) disproved this with equally low CV values with a participant number of 10.  364 

The results of the computer simulation suggest that for studies using a between day design, a 365 

participant number of 20 is necessary for both cortical voluntary activation and peripheral 366 

voluntary activation. Whereas, for a within day design, particularly for peripheral voluntary 367 

activation, a participant number of greater than 20 is required in order to provide an 368 

adequately powered estimation of activation. 369 

4.2.1. Voluntary activation  370 

The random error component displayed in this study is smaller than that of Goodall et al. 371 

(2009) therefore demonstrating that the TMS technique is more reliable at determining VA-372 

TMS than initially indicated in a smaller participant group.  Further the difference in 373 

systematic bias between our second familiarisation trial and the first main visit is evidence 374 

that more extensive familiarisation protocols are necessary in studies related to TMS and 375 

peripheral nerve stimulation.  376 

Our reliability coefficients exhibit good levels of reliability with an ICC of 0.93 for between-377 

day and 0.92 for within-day (Table 1). These values are similar to those found by both 378 

Goodall et al. (2009) and Sidhu et al. (2009) ICC=0.94 and ICC=0.95, respectively, for 379 

between-day VA-TMS. Collectively our findings, and those of Sidhu et al. (2009) and Goodall 380 
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et al. (2009), indicate that the interpolated twitch technique using TMS can provide a reliable 381 

estimation of maximal VA-TMS of the knee extensors, therefore providing important 382 

implications for research involving locomotion or full-body exercise, where understanding 383 

the activation deficits of this muscle group is particularly important for performance.  384 

In agreement with Sidhu et al. (2009) levels of voluntary activation measured with motor 385 

nerve stimulation were similar to those measured with TMS (between-day mean for VA-TMS 386 

was 93.9% versus 94.0% for peripheral and within-day mean for VA-TMS was 93.7% versus 387 

93.5% for peripheral). Therefore, the high levels of reliability demonstrated for peripheral 388 

and VA-TMS both in the current study and in the literature (Amann et al. 2013; Goodall et al. 389 

2015a; Sidhu et al. 2009) support the use of electrical stimulation and TMS in parallel to 390 

provide an extensive understanding of the diverse contributions to fatigue. This will provide 391 

information regarding both spinal and supraspinal contributions to fatigue (Dekerle et al. 392 

2019). 393 

4.2.2. Motor evoked potentials  394 

The largest MEP amplitude was seen at a contraction intensity of 55% of MVF. In agreement 395 

with previous literature in the knee extensors (Goodall et al. 2009; Sidhu et al. 2009), elbow 396 

flexors (Todd et al. 2003; Todd et al. 2004) and wrist extensors (Lee et al. 2008) increasing 397 

the contraction intensity caused minimal changes in MEP amplitude beyond the value 398 

achieved at 55% MVF. This suggests that at 55% MVF the greatest activation of 399 

motoneurons occurs. Motoneuronal output may be decreasing in response to the stimulus as 400 

contraction strength increases, causing minimal change in MEP characteristics. The findings 401 

of this study suggest a large amount of variability exists for MEP characteristics both within-402 

day and between-day. Between-day mean amplitude value for ICC was 0.59. Within-day 403 

mean amplitude ICC was 0.84. The values for systematic bias and random error in the current 404 
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study suggest EMG both between-day and within-day may not provide a reliable indication 405 

of corticospinal excitability. The variation in MEP data is greater than that seen in Goodall et 406 

al. (2009), but similar to that of Sidhu et al. (2009). These results demonstrate questionable 407 

levels of reliability (Atkinson and Nevill 1998), as all values fall below the 0.9 threshold 408 

associated with high reliability. Mathur et al. (2005) assessed the reliability of EMG 409 

measurements in the knee extensors and reported ICC values ranging from 0.58 to 0.99 for 410 

amplitude. The findings highlight variability exists and care must be taken when utilising 411 

EMG data to assess corticospinal excitability. This variability could be linked to the 412 

variability in Mmax shown in the current study, which may have influenced results during 413 

normalization of MEPs. 414 

The size of an MEP can vary greatly between one stimulation and the next (Magistris et al. 415 

1998). The variability may be due to the large number of contributing factors influencing 416 

MEP characteristics, including the excitability of the motor cortex and nerve roots and the 417 

conduction along the peripheral motor pathway of the muscles (Kobayashi and Pascual-418 

Leone 2003). Therefore, the intrinsic fluctuations in neural excitability at both the cortical 419 

and spinal levels may have resulted in highly variable MEP amplitudes (Rossini et al. 1994). 420 

Variation in EMG recordings has also been commonly attributed to changes in the orientation 421 

of the recording electrodes and minor difference in skin preparation (Mathur et al. 2005) and 422 

a number of other non-physilogical factors such as  motor unit synchronisation and signal 423 

cancellation (Buckthorpe et al. 2012). Despite effort being made to eradicate these issues in 424 

the present study, it is still possible that these factors may have influenced the reliability of 425 

the technique. Therefore, in agreement with Buckthorpe et al. (2012), individual EMG data is 426 

highly variable between measurement sessions, whether it has been normalised or not.  427 

4.2.3. Limitations and future considerations 428 
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The TMS intensity in the present study is higher than that used in a number of other studies 429 

(Goodall et al. 2009; Sidhu et al. 2009). Participants in this study were not screened to ensure 430 

a low stimulation threshold, which may account for the higher stimulation intensity observed. 431 

Some research suggests that such a high stimulation intensity may cause antagonist muscle 432 

co-activation. However, co-activation should not influence results as the thresholds are likely 433 

to be similarly high for both the quadriceps and hamstrings, hence not evoking a 434 

disproportionate amount of hamstring activity, as previously suggested with high stimulation 435 

intensities. Additionally, the intensity of thresholds may inevitably vary to some extent 436 

between stimulators. Finally, further larger scale reliability studies are still warranted in this 437 

area, which also extend to both females and the elderly.  438 

5. Conclusions 439 

The findings of the present study suggest that VA-TMS of the knee extensors can be reliably 440 

estimated between-day (CV=2.5%) and within-day (CV=2.9%) using TMS following an 441 

extensive familiarisation process. Further, the incorporation of the computer simulation 442 

techniques enables the findings of this study to be applied to future research to enable 443 

justification of adequate participant numbers.  The use of both a between-day and within-day 444 

design also supports the use of this technique in research which may require repeated 445 

measures during acute and chronic research protocols and designs. Therefore, TMS can be 446 

used reliably to estimate the extent to which output from the motor cortex and subcortical 447 

structures influences muscle fatigue during lower body exercise.  448 

  449 
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Abbreviations 

AMT – Active motor threshold 

BF – Biceps Femoris 

CV – Coefficient of Variation 

EMG - Electromyography 

ERT – Estimated resting twitch 

ES – Electrical stimulation 

ICC – Intraclass correlation coefficient 

ITT – Interpolated twitch technique 

MEP – Motor evoked potential 

MO – Maximum output 

MVC – Maximal voluntary contraction 

MVF – Maximal voluntary force 

RF – Rectus femoris 

RMT – Resting motor threshold 

RT – Resting twitch 

SIT – Superimposed twitch 

TMS- Transcranial magnetic stimulation 

VA-TMS – TMS assessed voluntary activation 

VM – Vastus medialis 

VL – Vastus lateralis 



Reliability of TMS of the knee extensors 26 

Table 1. Mean values for TMS-assessed voluntary activation (VA-TMS) and peripheral voluntary activation (VA) and potentiated twitch and 
measures of between-day and within-day reliability. Mean values are displayed ± standard deviation. LoA= limits of agreement; ICC=intraclass 
correlation coefficient; CI=confidence intervals; CV=coefficient of variation. 

Measure Mean 1 Mean 2 Equivalence 

(P value) 

Mean 

systematic 

bias 

95% LoA CI ICC CV (%) 

Between-day reliability 

VA-TMS (%)  94.1 ± 4.4 93.7 ± 4.9 <0.01 −0.5 −5.1, 4.2 92.9, 95.0 0.93 2.5 

Peripheral VA (%) 94.0 ± 3.8 94.0 ± 3.6 <0.01 0.0 −4.1, 4.1 93.1, 94.9 0.92 2.2 

Potentiated twitch (N) 186 ± 31 190 ± 31 <0.01 4.1 −23.4, 31.6 182.6, 195.1 0.95 7.4 

 

Within-day reliability 

VA-TMS (%) 93.7 ±4.9 93.7 ±4.8 <0.01 0.0 −5.3, 5.4 92.5, 94.9 0.92 2.9 

Peripheral VA (%) 94.0 ± 3.6 93.0 ± 3.5 <0.01 −1.0 -5.9 , 3.8 92.4, 94.6 0.84 2.7 

Potentiated twitch (N) 190 ± 31 178 ± 36 0.10 −12.5 −66.7, 41.7 172.4, 196.9 0.78 15.0 
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Table 2. Mean values and between-day measures of reliability between the familiarisation session and the first experimental session for VA-TMS 
and peripheral voluntary activation. Mean values are displayed ± standard deviation. LoA= limits of agreement; CI=confidence intervals; 
ICC=intraclass correlation coefficient; CV=coefficient of variation. 

Measure Familiarisation 
mean (%) 

Session 1 
mean (%) 

Equivalence 
(P value) 

Mean 
systematic 
bias (%) 

95% LoA 
(%) 

CI ICC CV (%) 

VA-TMS (%) 91.3 ± 5.4 94.1 ± 4.4 <0.01 2.8 −4.2, 9.8 91.1, 94.3 0.78 3.9 

Peripheral 
voluntary 
activation 
(%) 

93.2 ± 4.4 94.0 ± 3.8 <0.01 0.8 −4.9, 6.6 92.3, 94.9 0.85 3.1 
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Table 3. Mean values for electrical stimulation threshold, resting motor threshold and active motor threshold and between-day and within-day 
measures of reliability. Mean values are displayed ± standard deviation. LoA= limits of agreement; CI=confidence intervals; ICC=intraclass 
correlation coefficient; CV=coefficient of variation. 

Measure Mean 1   Mean 2  Equivalence 
(P value) 

Mean 
systematic 
bias  

95% LoA  CI  ICC CV (%) 

Between-day reliability 
Electrical 
stimulation 
threshold 
(mA)  

79 ± 19 81 ± 18 <0.01 2.7 −14.4, 19.7 76, 84 0.94 
 

10.9 

Resting motor 
threshold 
(mA) 

85 ± 11 86 ± 12 <0.01 0.8 −5.6, 7.2 84, 87 0.98 3.8 

Active motor 
threshold 
(mA) 

67 ± 15 66 ± 15 <0.01 −0.2 −8.8, 8.3 65, 68 0.98 6.6 

 
Within-day reliability 

       

Electrical 
stimulation 
threshold 
(mA)  

81 ± 18 82 ± 17 <0.01 0.3 -8.8, 9.5 79, 83 0.98 5.7 

Resting motor 
threshold 
(mA) 

86 ± 12 86 ± 12 <0.01 0.4 −3.6, 4.3 85, 87 0.99 2.3 

Active motor 
threshold 
(mA) 

66 ± 15 66 ± 15 <0.01 0.1 −3.5, 3.6 66, 67 0.99 2.7 
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Table 4. Mean values and between-day and within-day measures of reliability for MVF. Mean values are displayed ± standard deviation. LoA= 
limits of agreement; CI=confidence intervals; ICC=intraclass correlation coefficient; CV=coefficient of variation. 

Measure Mean 1 (N) Mean 2 (N) Equivalence 
(P value) 

Mean 
systematic 
bias (N) 

95% LoA (N)  CI ICC CV (%) 

Between-day reliability 

MVF  661 ± 133 688 ± 134  <0.01 27.8 −62.4, 118.0 654, 695 0.96 6.82 

Within-day reliability 

MVF  688 ± 134 650 ± 142  <0.01 - 38.4 −108.7, 31.9 653, 685 0.97 5.36 
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Table 5. Percentage of significant results out of 10000 simulations for between day and 

within day VA-TMS for n=5-50 with a Cohen’s d effect size set at either 0.5 or 0.8. 

 

  

Cohen’s d n= 5 (%) n= 8 (%) n= 10 (%) n= 12 (%) n= 20 (%) n= 50 (%) 

Between day 

Paired Samples t test  

   0.5 33.0 58.1 70.1 79.7 96.1 100.0 

   0.8 64.9 92.4 97.7 99.3 100.0 100.0 

Independent t test 

   0.5 24.0 39.3 47.7 55.4 78.5 99.4 

   0.8 51.0 76.2 86.0 91.6 99.3 100.0 

ANOVA  

   0.5 24.0 39.3 47.7 55.4 78.5 99.4 

   0.8 50.8 76.2 86.0 91.6 99.3 100.0 

 

Within day 

Paired Samples t test  

   0.5 29.1 49.9 64.1 73.0 94.1 100.0 

   0.8 60.2 89.7 95.5 98.5 100.0 100.0 

Independent t test 

   0.5 32.6 53.1 62.9 71.4 91.6 100.0 

   0.8 66.3 89.5 95.4 98.3 100.0 100.0 

ANOVA  

   0.5 21.6 35.0 42.4 50.0 72.8 98.7 

   0.8 45.6 70.6 80.6 87.7 98.7 100.0 
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Table 6. Percentage of significant results out of 10000 simulations for between day and 

within day peripheral VA for n=5-50 with a Cohen’s d effect size set at either 0.5 or 0.8. 

Cohen’s d n= 5 (%) n= 8 (%) n= 10 (%) n= 12 (%) n= 20 (%) n= 50 (%) 

Between day 

Paired Samples t test  

   0.5 29.1 52.7 65.6 39.5 94.0 100.0 

   0.8 61.3 89.3 96.1 98.7 100.0 100.0 

Independent t test  

   0.5 24.5 39.3 46.9 55.3 100.0 99.4 

   0.8 51.2 75.8 85.4 91.7 99.3 100.0 

ANOVA 

   0.5 21.7 34.7 41.8 49.0 72.1 98.5 

   0.8 45.3 69.7 79.8 87.3 98.3 100.0 

 

Within day 

Paired Samples t test  

   0.5 16.2 25.3 33.3 39.5 62.0 95.9 

   0.8 33.2 55.6 68.1 77.6 95.0 100.0 

Independent t test  

   0.5 15.0 24.3 29.2 34.6 55.4 91.2 

   0.8 31.8 52.2 62.6 71.9 91.7 100.0 

ANOVA 

   0.5 11.3 17.0 20.0 23.1 16.1 74.2 

   0.8 21.9 35.9 43.8 51.9 76.0 99.0 
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Figure Legends 

 

Figure 1. Schematic of the protocol 

 

Figure 2. Stimulus response curves for stimulator output against twitch force at varying levels 

of maximal voluntary force. 
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a) 

 

b) 
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Figure 3. Bland-Altman plots for VA-TMS, demonstrating (A) between-day reliability between 

the familiarisation session and the first experimental session (B) Between-day reliability 

between experimental session 1 & 2 and (C) within-day reliability between experimental 

session 2 & 3. The dotted line represents systematic bias and the bold line represents the 

limits of agreement. 
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