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NEW & NOTEWORTHY 25 

We discovered that the contemporary procedure for assessing voluntary activation of the knee 26 

extensor muscles with transcranial magnetic stimulation (TMS) is invalid. TMS activates too 27 

few agonist quadriceps motoneurons and too many antagonist hamstrings motoneurons to 28 

estimate the resting twitch accurately. A modified procedure, in which TMS-evoked 29 

superimposed twitches are considered together with the resting twitch from femoral nerve 30 

stimulation, is valid, but only in select individuals who meet rigorous eligibility criteria.  31 

  32 
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ABSTRACT 33 

We examined if transcranial magnetic stimulation (TMS) is a valid tool for assessment of 34 

voluntary activation of the knee extensors in healthy individuals. Maximal M-waves (Mmax) 35 

of vastus lateralis (VL) were evoked with electrical stimulation of femoral nerve (FNS); Mmax 36 

of medial hamstrings (HS) was evoked with electrical stimulation of sciatic nerve branches; 37 

motor evoked potentials (MEPs) of VL and HS were evoked with TMS; superimposed 38 

twitches (SIT) of knee extensors were evoked with FNS and TMS. In Study 1, TMS intensity 39 

(69% output (SD 5)) was optimized for MEP sizes, but guidelines for test validity could not 40 

be met. Agonist VL MEPs were too small (51.4% Mmax (SD 11.9); guideline ≥70% Mmax) 41 

and antagonist HS MEPs were too big (16.5% Mmax (SD 10.3); guideline <10% Mmax). 42 

Consequently, the TMS estimated resting twitch (99.1 N (SD 37.2)) and FNS resting twitch 43 

(142.4 N (SD 41.8)) were different. In Study 2, SITs at 90% maximal voluntary contraction 44 

(MVC) were similar between TMS (16.1 N (SD 10.3)) and FNS (20.9 N (SD 16.7)), when 45 

TMS intensity was optimized for this purpose, suggesting a procedure that combines TMS 46 

SITs with FNS resting twitches could be valid. In Study 3, which tested the TMS intensity 47 

(56% output (SD 18)) that evoked the largest SIT at 90% MVC, voluntary activation from 48 

TMS (87.3% (SD 7.1)) and FNS (84.5% (SD 7.6)) were different. In sum, the contemporary 49 

procedure for TMS-based voluntary activation of the knee extensors is invalid. A modified 50 

procedure improves validity, but only in individuals who meet rigorous inclusion criteria for 51 

SITs and MEPs.  52 

Downloaded from journals.physiology.org/journal/jappl at (014.200.172.167) on December 7, 2020.



1 
 

INTRODUCTION 53 

 Voluntary activation is the nervous system’s ability to drive a muscle to create its 54 

maximal force (13). Activation is often assessed with the interpolated twitch method (13, 20, 55 

22, 27, 32, 35). Historically, the interpolated twitch method has involved the application of an 56 

electrical stimulus to a peripheral nerve during a maximal voluntary contraction (MVC) and 57 

then again after the MVC with the muscle at rest (13, 20). Activation is then computed by 58 

comparing the size of the superimposed twitch (SIT) during the MVC to the size of the 59 

potentiated resting twitch with the muscle at rest: voluntary activation (%) = (1 –60 

 SIT/potentiated resting twitch) x 100. If the superimposed stimulus evokes force during the 61 

MVC, then the individual was not voluntarily recruiting all of their motoneurons, or their 62 

motoneurons were discharging at subtetanic rates, and activation is less than 100%. Marked 63 

reductions in activation are characteristic of acute muscle fatigue (13) and are found in 64 

neurologic conditions such as stroke (7, 17, 21), multiple sclerosis (24, 39), and prior polio 65 

(1, 2, 6). Thus, the measure has been of growing interest to biological and rehabilitation 66 

scientists in the past 40 years (22). 67 

One limitation of the interpolated twitch with electrical stimulation of the peripheral 68 

nerve is that it cannot reveal the site of the motor pathway responsible for a change in 69 

activation. In 2003, Todd and colleagues addressed this limitation by using transcranial 70 

magnetic stimulation (TMS) over the motor cortex to evoke SITs of the elbow flexor muscles 71 

(36). This TMS technique is reliable and valid for the elbow flexors (36, 37) and can test if 72 

voluntary output from the cortex is suboptimal during MVCs – that is, if motoneuron 73 

recruitment and/or motoneuron firing rates are below baseline or control levels as a 74 

consequence of suboptimal descending drive. The between-sessions reliability for the 75 

estimated resting twitch from this technique is r ≥ 0.98 (37). In recent years, researchers have 76 

adopted this TMS procedure to test voluntary activation of the knee extensor muscles (4, 5, 8, 77 
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12, 14-16, 19, 23, 25, 26, 28-31, 33, 34, 40, 41). However, the validity of the TMS procedure 78 

to test voluntary activation of the knee extensors has not been properly examined.  79 

For TMS to provide a valid measure of voluntary activation of the knee extensors, the 80 

TMS pulse must evoke a sufficient SIT of the knee extensors. This will occur if the position 81 

of the magnetic coil on top of the head and the level of stimulator output (hereafter termed 82 

“TMS intensity”) cause sufficient activation of the motor area of the agonist quadriceps 83 

during contractions of the knee extensors, while simultaneously causing minimal activation 84 

of the motor area of the antagonist hamstrings. If the TMS pulse activates too little of the 85 

agonists and/or too much of the antagonists, the size of the SIT will be reduced, and the 86 

computed voluntary activation will be overestimated given that the resting twitch is the same 87 

in the conditions compared. Moreover, because TMS voluntary activation involves estimation 88 

of the resting twitch from linear regression between the voluntary forces and SITs across a 89 

range of contraction strengths, if TMS evokes relatively small quadriceps motor evoked 90 

potentials (MEPs), the slope of the regression may be flattened and lead to underestimation of 91 

the size of the resting twitch and consequently a lower than expected level of voluntary 92 

activation. By contrast, relatively large hamstrings MEPs are more likely to lead to a steeper 93 

regression, larger estimated resting twitch, and overestimation of voluntary activation. 94 

To gauge the degree to which the TMS pulse activates the motor areas and 95 

motoneuron pools of the agonist quadriceps and antagonist hamstrings, sizes of MEPs from 96 

agonist and antagonist muscles can be expressed as a percentage of the maximal compound 97 

muscle action potential (Mmax) from the same muscles. Current recommendations for TMS-98 

based voluntary activation are that the amplitude of the agonist MEP should be ≥70% of Mmax 99 

during a 50% MVC contraction of the agonist and that the amplitude of the antagonist MEP 100 

should be ≤10% of Mmax during an MVC of the agonist (22), although more liberal criteria 101 

have also been proposed (agonist MEP >50% Mmax; antagonist MEP <20% Mmax) (35). Thus, 102 
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in setup procedures for an experiment, the investigator should identify the TMS intensity that 103 

is optimal for evoking large MEPs in the quadriceps and small MEPs in the hamstrings, 104 

which should correspond to the largest-possible SITs of the knee extensors. However, the 105 

application of the contemporary TMS procedure to the knee extensors is likely problematic. 106 

First, no matter what TMS intensity is used, the TMS pulse might simply be incapable of 107 

activating the quadriceps motor area and motoneuron pool at a sufficient level. For example, 108 

Dekerle et al. (9) recently reported that VL MEPs are less than 50% Mmax when tested during 109 

knee extensor contraction strengths of 50%, 75%, and 100% MVC. Second, the degree to 110 

which the TMS pulse might inadvertently activate the hamstrings motor area and motoneuron 111 

pool is unknown. This is because the acquisition of the hamstrings Mmax has rarely been 112 

attempted. In 2009, Sidhu et al. (28) obtained Mmax from biceps femoris via the application of 113 

high-intensity electrical stimulation (~650 mA) over the sciatic nerve. However, because of 114 

stimulation discomfort, Mmax was acquired in only 3 participants (28), and no subsequent 115 

studies have used this stimulation technique. Lack of acquisition of hamstrings Mmax has been 116 

a key issue in previous studies on TMS-based voluntary activation of the knee extensors, but 117 

it is not the only one. In Table 1, we summarize the various methods and criteria that have 118 

been used in such studies. Issues in all or some of the studies summarized include: (a) 119 

hamstrings Mmax not acquired; (b) hamstrings MEPs not acquired; (c) hamstrings MEPs 120 

acquired, but the degree to which they represent an acceptable level of activation has 121 

involved comparison to a measure other than hamstrings Mmax (e.g., expressing the 122 

hamstrings MEP relative to the quadriceps MEP or quadriceps Mmax); (d) SITs not considered 123 

when determining TMS intensity; and (e) contraction intensities used when determining TMS 124 

intensities are too low (e.g., 10 or 20% MVC).  125 

To summarize, the validity of TMS-based voluntary activation of the knee extensors 126 

remains unknown because a reliable technique for evoking hamstrings Mmax has not been 127 
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established. Consequently, it has not been possible to determine the degree to which the TMS 128 

pulse might inadvertently activate the hamstrings motor area and motoneuron pool, and 129 

subsequently impact SITs of the knee extensors. Moreover, the degree to which the TMS 130 

activates the agonist quadriceps appears problematic (9) and warrants further investigation. 131 

Therefore, the overarching purpose of the current investigation was to determine if TMS is a 132 

valid tool for the assessment of voluntary activation of the knee extensors.  133 

In Study 1, our aims were to (a) develop a reliable method for evoking hamstrings Mmax and 134 

(b) describe evoked responses (hamstrings MEP/Mmax, quadriceps MEP/Mmax, SITs) across a 135 

range of contraction strengths using a single “optimal” TMS intensity based on current 136 

guidelines (22); and (c) determine if the estimated resting twitch from the TMS procedure is 137 

similar to the actual resting twitch from femoral nerve stimulation (FNS). We discovered the 138 

single “optimal” TMS intensity activated too few quadriceps motoneurons and too many 139 

hamstrings motoneurons. Consequently, the estimated resting twitch from TMS was different 140 

from the actual resting twitch from FNS. Therefore, in Study 2, we abandoned the notion that 141 

an accurate estimate of the resting twitch for the knee extensors can be derived from the 142 

contemporary TMS procedure. Instead, our aim in Study 2 was to determine if TMS 143 

intensities other than the “optimal” one might evoke SITs at high voluntary forces 144 

comparable to SITs evoked by FNS. If the TMS- and FNS-evoked SITs are comparable, then 145 

future studies could employ a modified TMS procedure that combines TMS-evoked SITs 146 

with the resting twitch from FNS to measure voluntary activation. After testing multiple TMS 147 

intensities, we discovered that TMS- and FNS-evoked SITs could be made similar (i.e., 148 

TMS/FNS SIT ratio ≥0.80) in ~60% of participants if TMS intensity is optimized for SITs at 149 

90% MVC. Therefore, in Study 3, we aimed to determine if the TMS/FNS SIT ratio, along 150 

with quadriceps and hamstrings MEPs, could be used to identify individuals in whom the 151 

modified TMS procedure provides a valid measure of voluntary activation.  152 

Downloaded from journals.physiology.org/journal/jappl at (014.200.172.167) on December 7, 2020.



5 
 

MATERIALS AND METHODS 153 

Ethical approval 154 

Studies 1 and 2 were approved by the Human Research Ethics Committee at the 155 

University of New South Wales (HC14316). Study 3 was approved by the Human Research 156 

Ethics Committee at Edith Cowan University (2019-00256-Taylor). The studies were 157 

conducted in compliance with the Declaration of Helsinki (2008), except for registration in a 158 

database. All individuals provided their written informed consent to participate. 159 

Participants 160 

Participants for Studies 1 and 2 were recruited via paper advertisements posted at the 161 

University of New South Wales, and participants in Study 3 were recruited via paper and 162 

electronic advertisements posted at Edith Cowan University (Joondalup campus). Individuals 163 

were excluded from participation if they were not between the ages of 18–50, were pregnant, 164 

or were taking medications; had a history of epilepsy, frequent headaches, or fainting; had 165 

undergone a surgical procedure of the brain; had a neurostimulator in the brain or other metal 166 

in the brain or skull; had a history of brain-related conditions (e.g., stroke, head trauma that 167 

caused loss of consciousness); had hearing problems or ringing in the ears; or had cochlear 168 

implants or cardiac pacemakers in their bodies.  169 

Studies 1 and 2 were undertaken by the same participants. Thirteen participants (mean 170 

age: 24.8 years (SD 6.2); 8 males, 5 females) attended the laboratory for Study 1. M-waves of 171 

the medial hamstrings (HS) could not be obtained in one male participant, and no further tests 172 

were completed with him. The final sample for Study 1 was 12. One female participant who 173 

completed Study 1 elected not to participate in Study 2. The final sample for Study 2 was 11. 174 

For Study 3, 21 individuals (mean age: 26.1 years (SD 5.3); 17 males, 4 females) 175 

attended the laboratory. Five individuals withdrew during test procedures, usually due to 176 
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stimulation discomfort. HS M-waves could not be obtained in two male participants and no 177 

further tests were completed in them. The remaining 14 participants underwent the 178 

procedures in which the validity of TMS was assessed. Of these 14, 8 were eligible to 179 

complete the entire experimental protocol. See Results for more details.  180 

Participants in Studies 1-3 verbally reported a range of experiences with physical 181 

exercise. Some had limited or no previous exercise experience, whereas others partook in 182 

resistance training, cycling, and/or jogging. Of the 13 participants in Studies 1 and 2, 11 were 183 

right leg dominant (i.e., leg used to kick a ball). All 21 participants in Study 3 were right leg 184 

dominant. 185 

Experimental setup 186 

Participants were seated upright in a custom chair with hips and knees at 90 187 

(Fig. 1A). The chair consisted of a backrest, a seat, and a padded “knee bar.” Between the 188 

most distal portion of the seat and the most proximal portion of the knee bar was a gap that 189 

permitted access to the posterior thigh for stimulation of sciatic nerve branches. Also, a 190 

section of the pad on the knee bar was removed to allow for recording electrodes to be placed 191 

on the distal HS without the electrodes being compressed down onto the knee bar. The right 192 

ankle was strapped into a cuff which was connected to a force transducer (Studies 1 and 2: 193 

linear to 2 kN XTran; Study 3: UU80-250N; Applied Measurement, Mitcham, Australia) via 194 

a rope. A computer monitor was positioned in front of the participants to provide visual 195 

feedback of voluntary force. 196 

Surface EMG 197 

Muscle activity was recorded from pairs of surface electrodes (~40mm inter-electrode 198 

distance, Ag-AgCl, Conmed Cleartrace, Conmed Corporation, Utica, United States) over the 199 

right vastus lateralis (VL), vastus medialis (VM), and HS. Palpation during weak muscle 200 
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contractions guided electrode placement. Electrodes for VL were placed on the distal third of 201 

the muscle belly. Electrodes for VM were placed over the muscle belly and in the oblique 202 

direction of the fibers. Electrodes for HS were placed over the distal portion of the medial 203 

hamstrings and likely recorded from both semitendinosus and semimembranosus. The distal 204 

electrode placement for HS was necessary because stimulation artifact was an issue when the 205 

HS recording electrodes were positioned more proximal (i.e., closer to the site of 206 

stimulation). Recording electrodes for VL, VM, and HS were grounded to an electrode (3M 207 

Universal Electrosurgical Pad) placed over the patella. All EMG signals were amplified and 208 

filtered (×100; 16-1,000 Hz; CED 1902 amplifier, Cambridge Electronic Design, Cambridge, 209 

United Kingdom). The sampling rate was 2,000 Hz. Analog signals were digitized and stored 210 

on a laboratory computer using an interface (CED 1401 and Spike software, Cambridge 211 

Electronic Design).   212 

Sciatic nerve stimulation (SNS) 213 

A constant current stimulator (DS7AH, Digitimer, Welwyn Garden City, UK) was 214 

used to deliver electrical stimuli (500 s pulse duration) to sciatic nerve branches to evoke 215 

HS M-waves. The cathode was a 12 mm diameter probe held in the hand of the investigator. 216 

The optimal position for the cathode differed between participants, but generally was on the 217 

lateral or mid-lateral aspect of the posterior thigh, about halfway along the length of the 218 

femur (Fig. 1B). The hamstring muscles and surrounding adipose tissue sagged with 219 

participants seated in the chair, so the probe was pushed firmly upward by the investigator to 220 

ensure adequate contact with the nerve. The anode was a 70 mm by 40 mm electrode (3M 221 

Universal Electrosurgical Pad) placed just distal to the gluteal fold. In Studies 1, 2, and 3, the 222 

mean stimulation intensities required to evoke HS Mmax were 216.7 mA (SD 53.3; range: 223 

160 – 340), 205.0 mA (SD 32.6; range: 160 – 280), and 180.6 mA (SD 46; range: 120 – 240), 224 

respectively.  225 
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Femoral nerve stimulation (FNS) 226 

A constant current stimulator (DS7AH) was used to deliver electrical stimuli (500 s 227 

pulse duration) to the femoral nerve to evoke VL and VM M-waves and SITs of the knee 228 

extensors. The cathode was a custom circular probe (20 mm diameter) placed over the right 229 

femoral nerve at the inguinal triangle. It was secured into position via an adjustable strap 230 

around the thigh. The anode was a 70 mm by 40 mm electrode (3M Universal Electrosurgical 231 

Pad) over the right iliac crest. Stimulation intensity was 1.2x the minimal level necessary to 232 

evoke Mmax in VL and VM. In Studies 1, 2, and 3, the mean stimulation intensities used 233 

throughout testing to evoke VL and VM Mmax were 129.0 mA (SD 49.1; range: 60 – 192), 234 

156.7 mA (SD 47.9; range: 96 – 264), and 106.5 mA (SD 37.6; range: 48 – 132). 235 

Transcranial magnetic stimulation (TMS) 236 

A magnetic stimulator (Bistim2, Magstim, Whitland, UK; stimulators discharged 237 

simultaneously) and double-cone coil (11 cm outside diameter, Magstim) were used to evoke 238 

MEPs and SITs of the right leg. The coil was held by the investigator over the left motor 239 

cortex in an orientation that induced posterior-anterior current in the brain. The position of 240 

the coil was that which evoked the largest VL MEPs with the muscle at rest or during a weak 241 

voluntary contraction (5-10% MVC). This position was marked on a swim cap worn by the 242 

participant and permitted consistent placement of the coil throughout the protocol.  243 

In Study 1, we aimed to determine the ability of TMS to evoke MEPs and SITs of the 244 

knee extensors using a single “optimal” TMS intensity based on current guidelines (i.e., 245 

agonist MEPs ≥70% Mmax at 50% MVC; antagonist MEPs ≤10% Mmax at 100% MVC) (22). 246 

First, amplitudes of VL MEPs were assessed during brief knee extensor contractions at 50% 247 

MVC. However, VL MEPs ≥70% Mmax were generally not obtained (see Results). Thus, the 248 

TMS intensity that evoked the largest VL MEP (usually 50-57% Mmax) was identified and 249 

then used to examine the sizes of HS MEPs at 100% MVC. HS MEPs were often >10% Mmax 250 
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(see Results), and lower TMS intensities to achieve smaller HS MEPs caused smaller VL 251 

MEPs. Thus, in Study 1, the “optimal” TMS intensity (69% (SD 5)) was typically that which 252 

evoked the largest VL MEPs at 50% MVC. However, the effect of TMS intensity on HS 253 

MEPs was always considered, particularly when two TMS intensities evoked VL MEPs of 254 

similar amplitude but HS MEPs of different amplitudes.  255 

In Study 2, we aimed to determine if TMS intensities other than the “optimal” one 256 

might evoke SITs at high voluntary forces comparable to SITs evoked by FNS. We examined 257 

five TMS intensities. First, we established active motor threshold (AMT) for VL MEPs. 258 

AMT was the lowest TMS intensity that evoked ≥3 (out of 6) VL MEPs that were ≥0.5 mV 259 

in peak-to-peak amplitude during 10% MVC contraction. The 6 TMS pulses were separated 260 

by 10 seconds. Second, we established the “optimal” TMS intensity using the procedure from 261 

Study 1. Third, we calculated five different TMS intensities (TMS 1, 2, 3, 4, 5) to use in 262 

subsequent testing. “TMS 1” was AMT TMS intensity + 25% of the difference between the 263 

“optimal” TMS intensity and the AMT intensity. For example, if the “optimal” TMS intensity 264 

for a participant was 70% of stimulator output, and the AMT intensity for the same 265 

participant was 36% of stimulator output (difference of 34% output), then “TMS 1” was set at 266 

45% of stimulator output (i.e., 36% + (34% x 0.25)). “TMS 2” was AMT intensity + 50% of 267 

the difference; “TMS 3” was AMT intensity + 70% of the difference; “TMS 4” was AMT 268 

intensity + 85% of the difference; and “TMS 5” was the “optimal” intensity. The average 269 

TMS intensities for “TMS 1,” “TMS 2,” “TMS 3,” “TMS 4,” and “TMS 5” were 270 

43% (SD 6), 52% (SD 6), 58% (SD 7), 63% (SD 7), and 68% (SD 8), respectively. 271 

In Study 3, we aimed to determine if SITs and MEPs could be used to identify 272 

individuals in whom TMS will provide a valid measure of voluntary activation of the knee 273 

extensors. Thus, evoked responses from TMS were part of the eligibility criteria for Study 3. 274 

Our primary criterion for eligibility was the size of the SIT from TMS at 90% MVC. 275 
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More specifically, we examined the TMS SIT / FNS SIT ratio. For example, if the TMS SIT 276 

at 90% MVC was 15 N and the FNS SIT at 90% MVC was 17 N, the SIT ratio was 0.88. 277 

Results from Study 2 indicated that a SIT ratio ≥0.80 generally corresponded with VL and 278 

VM MEPs >40% Mmax and HS MEPs <15% HS Mmax at 90% MVC. Therefore, in Study 3, 279 

participants were deemed ineligible to undergo testing for voluntary activation if no TMS 280 

intensity led to a SIT ratio ≥0.80 at 90% MVC. For the 8 participants who were deemed 281 

eligible to undergo the full experimental protocol for testing of voluntary activation, the TMS 282 

intensity (56% (SD 18)) that produced the highest SIT ratios (termed the “high SIT ratio” 283 

TMS intensity) ranged from 35% of stimulator output for one participant to 85% of 284 

stimulator output for another participant. Note, for Study 3, we made the criteria for HS 285 

MEPs (≤15% Mmax at 90% MVC) more liberal than the guideline used in Studies 1 and 2, 286 

which was ≤10% Mmax at 100% MVC. The criteria were made more liberal in Study 3 287 

because results from Study 2 indicated an adequate SIT of the knee extensors could be 288 

obtained if HS MEPs were between 10 and 15% HS Mmax. 289 

Experimental protocol  290 

Three studies were conducted (Fig. 2). Study 1 consisted of one testing session. The 291 

setup procedures consisted of five steps. First, we assessed HS Mmax. This procedure began 292 

by moving the stimulating probe to various positions at the back of the leg until the best 293 

position for evoking HS M-waves was identified. The best position was loosely defined as 294 

the point on the back of the leg, when stimulated at a given intensity, evoked the largest HS 295 

M-wave that was not obscured by the stimulus artefact. Stimulation intensity was then 296 

increased in increments of 10-30 mA until the HS M-wave no longer increased in amplitude 297 

(i.e., Mmax). Time between each stimulus was about 10 to 20 seconds. Second, HS M-wave 298 

and H-reflex recruitment curves were established. Three stimuli were delivered to the sciatic 299 

nerve branches with 13 different SNS intensities. Intensities ranged from 10% to 130% of the 300 
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minimum intensity necessary to obtain Mmax from the first step. The procedure started with 301 

3 stimuli delivered at the lowest intensity (10%) and then progressed in 10% increments until 302 

3 stimuli were delivered at each intensity. Stimuli were delivered every 10 seconds. During 303 

the recruitment curve procedure, the probe was not removed from contact with the 304 

participant. It was held by the investigator in the same position until the test was completed. 305 

Third, we assessed VL and VM Mmax. This procedure started with a stimulation intensity of 306 

20 mA and the intensity was increased in increments of 20-30 mA until both VL and VM M-307 

waves no longer increased in amplitude. Time between each stimulus was about 10 to 20 308 

seconds. Fourth, participants performed maximal voluntary contractions (MVC) of the right 309 

knee extensors. Verbal encouragement and visual feedback were provided. Participants 310 

performed 3 MVCs with a 2-min rest between each. The highest of the 3 MVCs was used to 311 

calculate the submaximal force targets used in subsequent testing. Fifth, the “optimal” TMS 312 

intensity was identified using procedures described earlier (see Transcranial Magnetic 313 

Stimulation).  314 

After Study 1 setup procedures were completed, participants performed 5 sets of 315 

voluntary contractions of the knee extensors. The first part of a set consisted of TMS-evoked 316 

responses during contractions at 100% MVC, 70% MVC, and 25% MVC, with the 317 

potentiated resting twitch from FNS occurring immediately after the contraction at 318 

100% MVC. The second part of the set, which occurred after a 2-min rest, consisted of 319 

TMS-evoked responses during contractions at 85% and 50% MVC. The next set then 320 

commenced after another 2-min rest. The magnet was discharged by the investigator when 321 

the participant reached the target forces. Target forces were achieved within 2 seconds of 322 

contraction onset. 323 

Study 2 involved one testing session and many of the same measurements and 324 

procedures as Study 1. After setup procedures to establish HS Mmax, VL and VM Mmax, 325 
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MVCs of the knee extensors, and TMS intensities, participants completed 18 sets of knee 326 

extensor contractions. Each set consisted of contractions at 90% and 50% MVC. The sets 327 

differed in regard to stimulation condition. Three sets were completed with TMS 1, TMS 2, 328 

TMS 3, TMS 4, TMS 5, and FNS. The order of the stimulation intensities was randomized. A 329 

2-min rest was given between sets. 330 

Study 3 consisted of one testing session and included many of the same measurements 331 

and procedures as Studies 1 and 2. After setup procedures for HS Mmax, VL and VM Mmax, 332 

MVCs of the knee extensors, and TMS eligibility procedures and identification of the “high 333 

SIT ratio” TMS intensity (see Transcranial Magnetic Stimulation), eligible participants 334 

completed 10 sets of knee extensor contractions. Five sets involved use of the “high SIT 335 

ratio” TMS intensity to evoke MEPs and SITs. The other five sets involved use of FNS to 336 

evoke SITs. Each set started with an MVC and was followed by contractions at 75% and 337 

25% MVC. The contractions were separated by ~5 seconds. Following a 2-min rest, the 338 

participant completed contractions at 85%, 65%, and 25% MVC. The next set then 339 

commenced after a 2-min rest. For the five sets that involved FNS, the potentiated resting 340 

twitch was delivered immediately after the MVC. 341 

Data analysis 342 

In Studies 1-3, peak-to-peak amplitudes were measured for MEPs and Mmax, and 343 

MEPs were normalized to Mmax. Sizes of SITs were measured as the peak force after the 344 

stimulus subtracted from the voluntary force prior to the start of the SIT at ~25 ms after TMS 345 

and ~12 ms after FNS. 346 

In Study 1, peak-to-peak amplitudes of the 3 M-waves at each stimulation intensity 347 

for the M-wave recruitment curve were averaged, as were the 3 H-reflexes at each 348 

stimulation intensity. Also, the resting twitch from the “optimal” TMS intensity in Study 1 349 

was estimated using linear regression for each participant (36, 37). This regression included 350 
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the 20 voluntary contractions performed by the participant at 50%, 70%, 85%, and 100% 351 

MVC (5 contractions per contraction intensity). In all 3 studies, peak-to-peak amplitudes of 352 

MEPs and sizes of SITs at each contraction intensity were averaged across the relevant 353 

number of test sets. In Study 3, voluntary activation from FNS was computed using the FNS 354 

SIT at 100% MVC and the FNS resting twitch. TMS voluntary activation was computed 355 

using the TMS SIT at 100% MVC and the resting twitch from FNS. We did not use the “best 356 

trial” or “best SIT” when computing voluntary activation for each individual. Instead, we 357 

used the mean of the relevant SITs.  358 

Statistical analysis 359 

In Study 1, a paired samples t-test and Cohen’s d effect size for within-subjects design 360 

(dz)were used to compare the size of the resting twitch from FNS and the size of the 361 

estimated resting twitch from TMS. One sample t-tests were used to compare amplitudes of 362 

VL and VM MEPs at 50% MVC to the criterion MEP amplitude at 50% MVC (i.e., 70% 363 

Mmax). A one sample t-test was also used to compare the amplitude of HS MEPs to the 364 

criterion MEP amplitude at 100% MVC (i.e., 10% Mmax). In Study 2, a paired samples t-test 365 

was used to compare the size of the FNS SIT and TMS SIT at 90% MVC. For this 366 

comparison, the TMS SIT was from the best of the five TMS intensities for each participant. 367 

In Study 3, paired samples t-tests were used to compare the size of the FNS SIT and TMS 368 

SIT at each contraction strength. Also, a paired samples t-test and Cohen’s dz effect size for 369 

within-subjects design were used to compare voluntary activation from FNS and the modified 370 

TMS procedure. SPSS version 25 (IBM, Armonk, United States) was used for the statistical 371 

analyses, except for effect sizes which were generated in RStudio (Version 1.3.1056, rstatix 372 

package). Statistical significance was set at p ≤ 0.05. Data in the text and figures are 373 

presented as means (SD), unless noted otherwise.  374 

 375 
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RESULTS 376 

Study 1 377 

M-waves and H-reflexes. Individual traces of HS M-waves and H-reflexes in 378 

two participants are depicted in Fig. 3A. The HS M-wave and H-reflex recruitment curves are 379 

depicted in Fig. 3B. HS H-reflexes were present in 10 of 12 participants. The group mean 380 

(n = 12) for HS Mmax amplitude was 9.8 mV (SD 2.8; range: 6.8 – 15.2). The group means 381 

(n = 12) for VL and VM Mmax amplitudes were 20.1 mV (SD 6.1; range: 11.7 – 31.9) and 382 

18.2 mV (SD 5.2; range: 11.8 – 30.5), respectively.  383 

 MEPs. Amplitudes of VL and VM MEPs with the “optimal” TMS intensity are 384 

displayed in Fig. 4A. Amplitudes of HS MEPs are displayed in Fig. 4B. Notably, VL (51.4% 385 

Mmax (SD 11.9), p < 0.001) and VM (54.2% Mmax (SD 14.5), p = 0.003) MEPs at 50% MVC 386 

were below recommended guidelines for agonist muscles (≥70% VL Mmax) for the group and 387 

importantly, for most individuals. While HS MEPs at 100% MVC (16.5% Mmax (SD 10.3), p 388 

= 0.052) were not significantly above recommended guidelines for antagonist muscles (≤10% 389 

HS Mmax) for the group of participants, they were above guidelines for more than half the 390 

individuals.  391 

Resting twitch. For all participants, sizes of resting twitches of the knee extensors 392 

from FNS, and sizes of estimated resting twitches of the knee extensors from TMS, are 393 

displayed in Fig. 4C. The group mean (n = 12) for the estimated resting twitch from TMS 394 

(99.1 N (SD 37.2)) was smaller (p < 0.001, dz = 1.66) than the resting twitch from FNS 395 

(142.4 N (SD 41.8)). Individual traces of SITs for one participant are displayed in Figure 5A. 396 

Figure 5B displays the regression used to estimate the resting twitch for the same participant. 397 

 398 

 399 
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Study 2 400 

M-waves. The group mean (n = 11) for HS Mmax amplitude was 9.2 mV (SD 1.9; 401 

range: 6.6 – 12.3). The group means (n = 11) for VL and VM Mmax amplitudes were 21.1 mV 402 

(SD 5.1; range: 14.2 – 27.7) and 20.4 mV (SD 5.8; range: 10.6 – 34), respectively. 403 

MEPs and SITs. Amplitudes of VL and VM MEPs at 90% MVC with the five TMS 404 

intensities are displayed in Fig. 6A. Amplitudes of HS MEPs at 90% MVC are displayed in 405 

Fig. 6B. SITs at 90% MVC with FNS and the five TMS intensities are displayed in Fig. 6C. 406 

TMS 1 was the best intensity (i.e., the intensity that elicited the largest SITs at 90% MVC) in 407 

4 participants. TMS 2, TMS 3, and TMS 4 were the best intensities for evoking SITs in two 408 

participants each. TMS 5 (the “optimal” TMS intensity) was the best for evoking SITs in one 409 

participant. When the best TMS intensity for each individual was considered (Fig. 6D), group 410 

means (n = 11) for the TMS SIT (16.1 N (SD 10.3)) and FNS SIT (20.9 N (SD 16.7)) at 90% 411 

MVC were not statistically different (p = 0.258). Also, when the best TMS intensity for each 412 

individual was considered, the group mean (n = 11) for the SIT ratio was 0.91 (SD 0.49; 413 

range: 0.12 – 1.53), with 4 participants (36%) exhibiting a SIT ratio <0.80 and 7 participants 414 

(64%) exhibiting a SIT ratio >0.80.  415 

Study 3 416 

M-waves. The group mean for HS Mmax amplitude for participants (n = 8) who were 417 

eligible to complete the full experimental protocol was 14.5 mV (SD 6.2; range: 6.6 – 23.8). 418 

The group mean for VL and VM Mmax were 21 mV (SD 8.2; range: 11.8 – 35.7) and 19.6 mV 419 

(SD 7.8; range: 4.8 – 27.2), respectively.  420 

MEPs, SITs, voluntary activation. A flow diagram representing the decision process 421 

for participant eligibility based on evoked responses from SNS, FNS, and TMS is displayed 422 

in Fig. 7. Listed at the top of Table 2 are results from setup procedures for the 6 of 14 423 

participants (42.8%) who were ineligible to undergo the full experimental protocol, as they 424 
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exhibited SIT ratios <0.80 at 90% MVC during setup procedures. For these 6 participants, 425 

VL MEPs at 90% MVC were generally 20-40% VL Mmax during setup procedures. HS MEPs 426 

were generally 5-20% HS Mmax. The mean SIT ratio at 90% MVC was 0.46 (SD 0.18; 427 

range: 0.16-0.72). Table 2 also summarizes results from the 8 of 14 participants (57.2%) who 428 

were eligible to complete the full experiment, as they exhibited SIT ratios ≥0.80 at 90% 429 

MVC during setup procedures. For these 8 participants, VL MEPs at 90% MVC were 430 

generally 40-60% VL Mmax during setup procedures. HS MEPs were generally 4-12% HS 431 

Mmax. The mean SIT ratio at 90% MVC was 1.05 (SD 0.25; range 0.81-1.46).  432 

Fig. 8 displays results from the experimental protocol in the eligible participants. 433 

Fig. 8A displays amplitudes of VL and VM MEPs. Fig. 8B displays amplitudes of HS MEPs. 434 

Fig. 8C displays TMS SITs and FNS SITs at 25-100% MVC. TMS SITs at 100% MVC 435 

(10.9 N (SD 6.4)) were statistically smaller (p = 0.027) than FNS SITs at 100% MVC (13.2 N 436 

(SD 6.7)). No statistically significant differences existed between TMS SITs and FNS SITs at 437 

other contraction intensities (all p > 0.134). Fig. 8D displays results of voluntary activation 438 

from FNS and the modified TMS procedure. Voluntary activation from the modified TMS 439 

procedure (87.3% (SD 7.1)) was statistically higher (p = 0.030, dz = 0.96) than voluntary 440 

activation from FNS (84.5% (SD 7.6)).  441 

DISCUSSION 442 

 Use of TMS to test voluntary activation of the knee extensors is common in research 443 

(4, 5, 8, 12, 14-16, 19, 23, 25, 26, 28-31, 33, 34, 40, 41). Yet, the validity of the technique has 444 

been uncertain. The current work clarifies this uncertainty. It illustrates that the contemporary 445 

TMS procedure is invalid for testing voluntary activation of the knee extensors. A modified 446 

version of the procedure, which combines TMS SITs at high contraction strengths with the 447 

resting twitch from FNS, improves the validity of TMS-based voluntary activation. However, 448 
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it does so only for a small portion of individuals who meet eligibility criteria associated with 449 

sizes of TMS SITs at 90% MVC in setup procedures.  450 

Study 1 451 

Hamstrings M-waves. HS M-waves were obtained reliably with electrical stimulation 452 

of sciatic nerve branches. Prior to the current work, the validity of TMS for assessing 453 

voluntary activation of the knee extensors was unclear because, for one, the degree to which 454 

the TMS pulse might inadvertently activate the antagonist HS motor area (i.e., HS MEP / HS 455 

Mmax), and consequently reduce SITs of knee extensors, was unknown. As Table 1 illustrates, 456 

several researchers have reported raw MEPs from biceps femoris, but only Sidhu et al. 457 

attempted to normalize MEPs to Mmax (28). Their technique involved high electrical currents 458 

(~650 mA) delivered to the sciatic nerve but was never widely adopted because the technique 459 

is difficult to perform and the stimulation intensity is found intolerable by most participants 460 

(28). In the current series of studies, HS M-waves were evoked with a much lower 461 

stimulation intensity (160 – 340 mA), and only 2 of 34 participants (6%) withdrew due to 462 

discomfort from SNS. Moreover, HS M-waves were obtained c in 29 of the 32 participants 463 

(91%) who found SNS tolerable. H-reflexes were noted in most participants during M-wave 464 

stimulation. This incidental finding is reported for its potential interest for future 465 

neurophysiological assessments of HS and to clarify the waveform recorded after SNS. 466 

A few caveats of SNS require discussion. First, joint angle and muscle length impact 467 

amplitudes of M-waves (11, 18). Thus, results from the M-wave and H-reflex recruitment 468 

curves in the current experiments are specific to the seated posture studied. Second, as a 469 

result of the seated posture and the relaxed state in which M-waves were evoked, the muscles 470 

and adipose tissue of the posterior thigh naturally sagged. Consequently, in pilot testing, 471 

surface electrodes placed on the skin were inadequate for delivering SNS. The most effective 472 

method for delivering SNS involved the investigator pushing up on the sagging muscle with a 473 
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12-mm diameter probe that resembled a pen. Third, the optimal stimulation position for SNS 474 

was not the same for all participants. Fourth, in some instances, movement of the probe a few 475 

millimeters from the optimal position caused marked changes in the M-wave. Large stimulus 476 

artifact sometimes dominated the EMG recording and prevented M-wave measurement when 477 

the probe was not positioned optimally. Nevertheless, in most participants, clear M-waves 478 

were observed if the probe was positioned at a site on the lateral or mid-lateral aspect of the 479 

posterior thigh, about halfway along the length of the femur. Finally, inter-electrode spacing 480 

also impacts M-wave area and amplitude (38). The distance between HS recording electrodes 481 

in the current research was ~40 mm. 482 

HS, VL, VM MEPs and the resting twitch. Reliable acquisition of HS Mmax permitted 483 

examination of the degree to which the “optimal” TMS intensity might inadvertently activate 484 

antagonist HS motoneurons. This intensity was considered “optimal” because we attempted 485 

to adhere to recommended guidelines when identifying it although strict adherence was not 486 

possible. The guidelines state TMS intensities for assessment of voluntary activation should 487 

evoke large agonist MEPs at 50% MVC (≥70% VL Mmax) and small antagonist MEPs at 488 

100% MVC (≤10% HS Mmax) (22). We found that the “optimal” TMS intensity evoked 489 

agonist VL MEPs at 50% MVC and antagonist HS MEPs at 100% MVC that did not meet 490 

these guidelines for twelve of twelve and seven of twelve participants, respectively. 491 

Consequently, the estimated resting twitch from TMS was markedly and consistently smaller 492 

than the actual resting twitch from FNS. This is problematic because SITs of the knee 493 

extensors evoked by TMS and FNS are expected to be similar, as both stimulations activate 494 

all knee extensor muscles. In contrast, in the elbow flexors, TMS and electrical stimulation of 495 

the musculocutaneous nerve are not expected to evoke similar SITs because the nerve 496 

stimulation does not activate brachioradialis (3). Thus, results from Study 1 illustrate that the 497 

Downloaded from journals.physiology.org/journal/jappl at (014.200.172.167) on December 7, 2020.



19 
 

contemporary TMS procedure for assessment of voluntary activation is invalid when applied 498 

to the knee extensors. 499 

Study 2 500 

In Studies 2 and 3, we abandoned the idea that a resting twitch could be estimated 501 

using the contemporary TMS procedure, which is valid in other muscle groups (e.g., elbow 502 

flexors) (36, 37). Instead, we thought that if TMS evokes adequate SITs at high contractions 503 

strengths, these SITs could be combined with the resting twitch from FNS to compute 504 

voluntary activation. The physiological rationale behind this approach is that a smaller-than-505 

optimal agonist MEP may still give an adequate SIT at high contraction strengths because 506 

any motoneurons not firing voluntarily at the time of stimulation are likely to be recruited 507 

into the MEP. These motoneurons should be in the subliminal fringe because of the strong 508 

excitatory drive associated with the voluntary contraction and then provide the biggest 509 

increments in force because they are not contributing already. Therefore, in Study 2, our 510 

primary aim was to determine if TMS could evoke SITs at 90% MVC that are comparable to 511 

FNS SITs at 90% MVC. Moreover, we tested five TMS intensities, with the “optimal” TMS 512 

intensity serving as the highest intensity. We tested TMS intensities lower than “optimal” 513 

because in Study 1, the “optimal” intensity evoked antagonist HS MEPs that were too big. 514 

In Study 2, we found that the TMS intensity that evoked the largest SITs at 90% 515 

MVC (i.e., the “best” TMS intensity) differed between participants. “TMS 1” was the best 516 

TMS intensity for 4 of the 11 participants. “TMS 5” (the “optimal” TMS intensity) was the 517 

best intensity for only one participant. We defined an adequate TMS/FNS SIT ratio as ≥0.80. 518 

When the best TMS intensity for each participant was considered, a SIT ratio ≥0.80 was 519 

exhibited in 64% of participants. In our post-hoc evaluations, we noted VL and VM MEPs 520 

could be as low as 40% Mmax and HS MEPs as high as 15% Mmax, at 90% MVC and still 521 

result in a SIT ratio ≥0.80. Therefore, our aim in Study 3 was to determine if this post-hoc 522 
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information could be incorporated into eligibility criteria to identify individuals in whom the 523 

modified TMS technique might provide a valid measure of voluntary activation.  524 

Study 3 525 

 In Study 3, TMS SITs (10.9 N) were smaller than FNS SITs (13.2 N) at 100% MVC – 526 

the condition under which voluntary activation was assessed. Consequently, the modified 527 

TMS procedure overestimated voluntary activation (87.3%) compared to FNS (84.5%). Thus, 528 

whereas SITs at 90% MVC in Study 2 were comparable with TMS and FNS, forming the 529 

basis for the TMS eligibility criteria in Study 3, the SITs at 100% MVC were different when 530 

evoked from these two types of stimulation. Yet, the modified TMS procedure was valid for 531 

measuring voluntary activation in 5 of 8 participants (Table 2), if validity is defined post-hoc 532 

as a raw difference of <3% between the TMS and FNS procedures. Notably, in the 3 533 

participants in whom TMS did not provide a valid measure of activation (participants A7, A9, 534 

A10), VL and VM MEPs at 100% MVC were generally lower, and HS MEPs at 100% MVC 535 

generally higher, than in the other participants. Both A9 and A10 exhibited VL MEPs at 536 

100% MVC that were <40% Mmax, and A7 and A9 exhibited HS MEPs at 100% MVC that 537 

were ≥20% Mmax. Moreover, participants A7, A9, and A10 exhibited the smallest VL MEPs 538 

(all <50% Mmax) during the setup procedures at 90% MVC. Thus, the use of the SIT ratio at 539 

90% MVC in setup procedures was only partly effective at identifying individuals in whom 540 

TMS provides a valid measure of activation. Because a total of 21 individuals attended the 541 

laboratory for Study 3, and only 5 made it through TMS eligibility testing and exhibited 542 

adequate TMS SITs at 100% MVC, the modified TMS procedure is only useful in about 1 of 543 

every 4 healthy young adults who attend the laboratory.  544 

Should TMS be used to measure voluntary activation of the knee extensors?  545 

Based on results from Study 1, we recommend the contemporary TMS procedure for 546 

assessing voluntary activation of the knee extensors be abandoned. It does not provide an 547 
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accurate estimate of the resting twitch. The modified TMS procedure in Study 3 can be used, 548 

but only when rigorous eligibility criteria are applied. The modified technique should only be 549 

used in individuals who, in setup procedures at 90% MVC, exhibit (a) TMS/FNS SIT ratio 550 

≥0.80, (b) VL MEPs ≥50% Mmax, and (c) HS MEPs <15% Mmax. In Table 4, we summarize 551 

steps necessary to determine participant eligibility for examination of voluntary activation of 552 

the knee extensors with the modified TMS procedure. The purpose of testing SITs at 90% 553 

MVC rather than 100% MVC in setup procedures is to guarantee that a measurable SIT 554 

should occur in all contractions and to help mitigate the effects of strong contractions on 555 

fatigue and subsequent tests.  556 

Each investigator will need to decide if information gained from TMS-based 557 

voluntary activation of the knee extensors is worth the time and resources needed to conduct 558 

the procedure. The primary benefit of TMS-based voluntary activation is that it can test if 559 

descending drive (i.e., voluntary output) from the cortex is suboptimal during MVCs. Such 560 

information might be useful in understanding the anatomical locations and physiological 561 

processes associated with maintained or compromised neural drive from exercise, aging, or 562 

neurological impairment. However, TMS-based voluntary activation of the knee extensors 563 

has drawbacks. First, SNS will have to be added to experimental protocols to confirm the 564 

validity of the TMS procedure in the knee extensors. The ratio of HS MEPs to HS Mmax will 565 

be needed to determine if the TMS pulse activates too much of the antagonist HS in each 566 

participant. Addition of SNS to study protocols will make the protocols longer; however, 567 

only HS Mmax, rather than the entire HS H/M-wave recruitment curve, is needed to determine 568 

TMS validity. Second, as is sometimes the case with stimulation procedures, some 569 

participants might withdraw due to stimulation discomfort or they might be ineligible due to 570 

inadequate responses to stimulation. For example, in Study 3, of the 21 individuals who 571 

attended the laboratory, HS M-waves could not be obtained in two of them (9.5% of original 572 
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sample), five withdrew due to discomfort from SNS, FNS, or TMS (23.8% of original 573 

sample), six were deemed ineligible based on their TMS/FNS SIT ratio (28.6% of original 574 

sample), and of the remaining 8 who underwent complete testing, post-hoc analysis revealed 575 

the modified TMS was probably invalid for measuring voluntary activation in three of them 576 

(14.3% of original sample) (Table 2). Thus, of the 21 individuals who attended the 577 

laboratory, only 5 (23.8% of original sample) completed the full protocol and had valid 578 

responses. Thus, an investigator who seeks to use the modified procedure for TMS-based 579 

voluntary activation to examine the effects of fatiguing exercise on descending neural drive 580 

from the cortex will likely need to screen a large number of individuals to obtain an adequate, 581 

final sample size. Finally, our studies consisted mostly of healthy young adults who were 582 

recruited from local universities. It is unknown if similar proportions of individuals would be 583 

deemed eligible/ineligible in clinical populations and other groups. 584 

Conclusion 585 

The current studies examined if TMS is a valid tool for assessing voluntary activation 586 

of the knee extensors. We developed a method for evoking HS M-waves reliably in most 587 

individuals. This permitted a more complete examination of the validity of TMS-based 588 

voluntary activation of the knee extensors. The “optimal” TMS intensity, which was based on 589 

contemporary guidelines for testing voluntary activation with TMS, led to (a) activation of 590 

too few agonist quadriceps motoneurons, (b) activation of too many antagonist hamstring 591 

motoneurons, and (c) underestimation of the size of the resting twitch. Consequently, the 592 

contemporary TMS procedure for assessing voluntary activation is invalid when applied to 593 

the knee extensors. A modified version of the procedure, which combines TMS SITs at high 594 

contraction strengths with resting twitches from FNS accurately measured voluntary 595 

activation, but only in some individuals who met rigorous inclusion criteria for sizes of SITs 596 

and MEPs at 90% MVC.   597 
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Figure captions 726 

Fig. 1. Experimental setup for Studies 1-3. A: Testing was conducted on the right leg. 727 

Depicted are positions of the stimulating electrodes for electrical stimulation of the femoral 728 

nerve (FNS) and sciatic nerve branches (SNS). The gap between the seat and knee bar 729 

allowed for SNS with a cathode probe, which was held in the hand of the investigator. On top 730 

of the knee bar was a foam pad. A section of the foam was cut out to allow for placement of 731 

recording electrodes on medial hamstrings (HS). Recording electrodes for vastus lateralis 732 

(VL) are also depicted. B: Posterior view of the right thigh. Depicted are positions of the 733 

stimulating and recording electrodes for SNS. The optimal position of the cathode probe for 734 

evoking HS M-waves was typically on the lateral or mid-lateral aspect of the posterior thigh, 735 

about halfway along the length of the femur. The optimal position was usually within the area 736 

depicted by the dotted box. Recording electrodes were placed on the distal portion of the HS 737 

and likely recorded from both semitendinosus (ST) and semimembranosus (SM). No 738 

recordings were made from biceps femoris (BF).  739 

Fig. 2. Experimental protocols for Studies 1-3. Each study consisted of a single testing 740 

session. For Study 1, setup procedures and measurements included: electrical stimulation of 741 

sciatic nerve branches (SNS) to evoke the maximal compound muscle action potential (Mmax) 742 

for the medial hamstrings (HS) and to obtain the HS M-wave and H-reflex recruitment curve; 743 

electrical stimulation of the femoral nerve (FNS) to evoke Mmax for vastus lateralis (VL) and 744 

vastus medialis (VM); maximal voluntary contractions (MVC) of the knee extensors; and 745 

setup procedures for determining the “optimal” intensity for transcranial magnetic stimulation 746 

(TMS). The experimental protocol tested the effect of the “optimal” TMS intensity (69% (SD 747 

5)) on superimposed twitches (SIT) of the knee extensors and motor evoked potentials (MEP) 748 

of VL, VM, and HS during 5 sets of brief isometric contractions of the knee extensors. The 749 

first part of a given set consisted of TMS-evoked responses at 100% MVC, 70% MVC, and 750 
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25% MVC, with the potentiated resting twitch (RT) from FNS occurring immediately after 751 

the contraction at 100% MVC. The second part of the set, which occurred after a 2-min rest, 752 

consisted of TMS-evoked responses at 85% and 50% MVC. Study 2 included many of the 753 

same measurements and procedures as Study 1. After establishing active motor threshold 754 

(AMT) and the “optimal” TMS intensity, the effect of five different TMS intensities on SITs 755 

and MEPs was assessed in 18 sets of brief isometric contractions of the knee extensors at 756 

90% and 50% MVC. Three sets were completed with FNS and three were completed with 757 

each of five TMS intensities (“TMS 1”: 43% (SD 6); “TMS 2”: 52% (SD 6); “TMS 3”: 58% 758 

(SD 7); “TMS 4”: 63% (SD 7); and “TMS 5”: 68% (SD 8)). Study 3 included many of the 759 

same measurements and procedures as Studies 1 and 2. After the setup procedures and the 760 

identification of eligible individuals based on sizes of SITs and MEPs, the effect of TMS 761 

(56% (SD 18) on SITs and MEPs was assessed in 10 sets of brief isometric contractions of 762 

the knee extensors. Five sets involved use of the “high SIT ratio” TMS intensity, whereas the 763 

other five sets involved use of FNS. The first part of a given set consisted of evoked 764 

responses at 100% MVC, 75% and 25% MVC. The second part of the set, which occurred 765 

after a 2-min rest, consisted of evoked responses during contractions at 85%, 65%, and 25% 766 

MVC. For the five sets that involved FNS, the potentiated RT was delivered immediately 767 

after the contraction at 100% MVC.  768 

Fig. 3. M-waves and H-reflexes of the medial hamstrings (HS) in Study 1. A: Traces of HS 769 

M-waves and H-reflexes from 2 participants. M-waves on the left for the 2 participants 770 

occurred with a stimulation intensity of 0.7x the minimal intensity necessary to evoke HS 771 

Mmax. M-waves on the right for the 2 participants are Mmax and occurred at stimulation 772 

intensities of 1.3x the minimal intensity necessary to evoke HS Mmax. For traces on the left, 773 

the first waveform is an HS M-wave. The second waveform is an HS H-reflex. For traces on 774 

the right, the first waveform is HS Mmax. No H-reflexes were present, as expected at the high 775 
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stimulation intensity. Note that stimulus artifact was problematic in recording HS Mmax and 776 

almost obscures the M-wave in Participant 2. B: Recruitment curves for HS M-waves (filled 777 

circles, n = 12) and HS H-reflexes (filled triangles, n = 10). H-reflexes were not present in 2 778 

of the 12 participants. Data are means (SD). 779 

Fig. 4. Results from Study 1. A: Effect of the “optimal” transcranial magnetic stimulation 780 

(TMS) intensity on amplitudes of vastus lateralis (VL) and vastus medialis (VM) motor 781 

evoked potentials (MEP) during brief isometric knee extensor contractions at 25-100% 782 

maximal voluntary contraction (MVC). Amplitudes are expressed as a percentage of the 783 

maximal compound muscle action potential (Mmax). Individual participants are represented by 784 

circles. Group means (n = 12) are represented by solid black dashes. The recommended size 785 

of agonist MEPs (70% Mmax) for tests of voluntary activation with TMS is represented by 786 

the dashed horizontal line. *Indicates a statistically significant difference between VL and 787 

VM MEPs at 50% MVC compared to the recommended VL and VM MEP sizes. B: Effect of 788 

the “optimal” TMS intensity on amplitudes of medial hamstrings (HS) MEPs during brief 789 

isometric knee extensor contractions at 25-100% MVC. Individual participants are 790 

represented by triangles. Group means (n = 12) are represented by solid black dashes. The 791 

recommended size of antagonist MEPs (<10% Mmax) for tests of voluntary activation with 792 

TMS is represented by the dashed horizontal line. C: Actual resting twitch forces (Newtons, 793 

N) from femoral nervous stimulation (FNS) and the estimated resting twitch forces from the 794 

TMS procedure with the “optimal” TMS intensity. Circles represent individual participants. 795 

Each individual’s actual and estimated resting twitches are connected by a line. Note that 796 

estimated resting twitches (TMS optimal) are systematically smaller than actual (FNS) 797 

resting twitches. Group means (n = 12) are represented by solid black dashes. *Indicates 798 

statistically significant difference between TMS optimal and FNS. 799 
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Fig. 5. An individual participant’s superimposed twitches (SITs) evoked by the “optimal” 800 

intensity of transcranial magnetic stimulation (TMS). A: Raw traces of SITs across the five 801 

contraction intensities (25%, 50%, 70%, 85%, and 100% MVC). The dashed arrow (i.e., 0 802 

sec) indicates when the TMS pulse was delivered. The solid arrow indicates the peak of the 803 

SIT. The vertical dotted line indicates the approximate time at which the baseline force for 804 

the SIT measurement was taken (~25 ms after TMS pulse was delivered). The SIT was 805 

calculated as the difference between the peak of the SIT and the baseline force. NB. Due to 806 

an administrative error, this participant performed six rather than five voluntary contractions 807 

at 100% MVC and four rather than five voluntary contractions at 85% MVC. B: Regression 808 

used to estimate the resting twitch from TMS in the same participant. NB. The voluntary 809 

contractions at 25% MVC are not included when estimating the resting twitch from TMS.  810 

Fig. 6. Results from Study 2. A: Effect of five transcranial magnetic stimulation (TMS) 811 

intensities on amplitudes of vastus lateralis (VL) and vastus medialis (VM) motor evoked 812 

potentials (MEP) during brief isometric contractions of the knee extensors at 90% maximal 813 

voluntary contraction (MVC). “TMS 1” is the lowest TMS intensity (43% (SD 6)). “TMS 5” 814 

– the “optimal” intensity – is the highest TMS intensity (63% (SD 8)). Amplitudes of MEPs 815 

are expressed as a percentage of the maximal compound muscle action potential (Mmax). 816 

Individual participants are represented by circles. Group means (n = 11) are represented by 817 

black dashes. B: Effect of five TMS intensities on amplitudes of medial hamstrings (HS) 818 

MEPs during brief isometric contractions of the knee extensors at 90% MVC. The dashed 819 

horizontal line represents the recommended size of antagonist MEPs for tests of voluntary 820 

activation with TMS (<10% Mmax). Individual participants are represented by triangles. 821 

Group means (n = 11) are represented by solid black dashes. C: Effect of the five TMS 822 

intensities and femoral nerve stimulation (FNS) on superimposed twitch (SIT) forces 823 

(Newtons, N) during brief isometric contractions of the knee extensors at 90% MVC. 824 
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Individual participants are represented by circles. To illustrate the variation between 825 

individuals, 1 participant is represented by an open square. For this participant, the SIT from 826 

FNS (36 N) was markedly larger than SITs from the five TMS intensities (11-18 N). The best 827 

TMS intensity for this participant (i.e. the one that elicited the largest SIT) was TMS 5 (18 828 

N). Another participant is represented by an X. For this participant, the SIT from FNS (8.8 N) 829 

was not different from SITs with the five TMS intensities (7-10 N). The best TMS intensity 830 

for this participant was TMS 2 (10 N). Group means (n = 11) are represented by solid black 831 

dashes. D: SITs during brief isometric contractions of the knee extensors at 90% MVC with 832 

FNS and the TMS intensity that evoked the largest SIT in each participant (i.e., “TMS best”). 833 

Individual participants are represented by circles. Each individual’s data are connected by a 834 

line. For some participants, TMS of a particular intensity evoked SITs that were comparable 835 

in size, or larger in size, than SITs from FNS. Group means (n = 11) are represented by solid 836 

black dashes. Data displayed for SITs from FNS in this figure are the same as displayed in 837 

6C. 838 

Fig. 7. Flow diagram of steps used in Study 3 to determine participant eligibility. After 839 

assessments for hamstrings and quadriceps Mmax, eligibility was based on sizes of evoked 840 

responses from transcranial magnetic stimulation (TMS). Eight participants were deemed 841 

eligible; 6 were ineligible. Two participants were ineligible because their superimposed 842 

twitch (SIT) ratio was too small (<0.80), their vastus lateralis (VL) motor evoked potentials 843 

(MEP) were too small (<40% VL Mmax), and their medial hamstrings (HS) MEPs were too 844 

big (>15% HS Mmax). Three participants were ineligible because their SIT ratio and VL 845 

MEPs were too small. One participant was ineligible because their SIT ratio was too small. 846 

Of the 8 eligible participants who underwent all tests, post-hoc examination of their data 847 

revealed TMS was a valid tool for assessing voluntary activation in 5 of them and invalid in 848 

the other 3. Validity was arbitrarily defined as a raw difference of <3% between voluntary 849 
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activation from FNS and TMS (i.e., the “high SIT ratio” TMS intensity). See Table 2 for 850 

individual data of evoked responses in eligible and ineligible participants. 851 

Fig. 8. Results from Study 3. A: Effect of the “high SIT ratio” transcranial magnetic 852 

stimulation (TMS) intensity on amplitudes of vastus lateralis (VL) and vastus medialis (VM) 853 

motor evoked potentials (MEP) during brief isometric knee extensor contractions at 25-100% 854 

maximal voluntary contraction (MVC). Amplitudes are expressed as a percentage of the 855 

maximal compound muscle action potential (Mmax). Individual participants (n = 8) are 856 

represented by circles. Group means are represented by solid black dashes. The adjusted 857 

criterion size for agonist MEPs (40% Mmax) for tests of voluntary activation with TMS 858 

(based on Study 2) is represented by the dashed horizontal line. B: Effect of the “high SIT 859 

ratio” TMS intensity on amplitudes of medial hamstrings (HS) MEPs during brief isometric 860 

knee extensor contractions at 25-100% MVC. Individual participants (n = 8) are represented 861 

by triangles. Group means are represented by solid black dashes. The adjusted criterion size 862 

for antagonist MEPs (≤15% Mmax) for tests of voluntary activation with TMS (based on 863 

Study 2) is represented by the dashed horizontal line. C: Effect of the “high SIT ratio” TMS 864 

intensity (filled circles) and femoral nerve stimulation (FNS) (open circles) on superimposed 865 

twitch forces (Newtons, N) during brief isometric knee extensor contractions at 25-100% 866 

MVC. Individual participants (n = 8) are represented by circles. Each individual’s data are 867 

connected by a line. Group means are represented by solid black dashes. *Indicates 868 

statistically significant difference between TMS and FNS. D: Voluntary activation of the 869 

knee extensors as assessed by TMS (filled circles) and FNS (open circles). Individual 870 

participants (n = 8) are represented by circles. Each individual’s data are connected by a line. 871 

Group means are represented by solid black dashes. *Indicates statistically significant 872 

difference between TMS and FNS. 873 
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   Hamstrings Mmax

Eligible (n = 17)

Quadriceps Mmax

Ineligible (n = 1)
-Stimulation discomfort

Ineligible (n = 8)
--TMS discomfort (n = 2)
-Inadequate responses (n = 6)

-SIT ratio only (n = 1)
-SIT ratio, VL MEPs (n = 3)
-SIT ratio, VL MEPs, HS MEPs (n = 2)

Mean SIT ratio: 0.46 (SD 0.18) 

Eligible (n = 8)
-Valid voluntary activation (n = 5)
-Invalid voluntary activation (n = 3)

Mean SIT ratio: 1.05 (SD 0.25)

Ineligible (n = 4)
-Stimulation discomfort (n = 2)
-Inadequate M-waves (n = 2)

TMS MEPs and SITs at 90% MVC

Eligible (n = 16)
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Table 1. Methods that have been used to determine intensity of transcranial magnetic stimulation 
(TMS) to test voluntary activation of the knee extensors.  
 
Study TMS 

device 
Coil 
type 

BF Mmax 
measured? 

MEPs 
measured 

TMS intensity 

Arnal et 
al. (4) 

Magstim 
2002 

Cone No BF, VL TMS intensity (mean: 65-69% output) was lowest intensity that evoked 
maximal VL MEP at 20% MVC. SITs and VL and BF MEPs considered 
when coil position was determined with 50% output at 10% MVC. 
 

Bachasson 
et al. (5) 

Magstim 
2002 

Cone No BF, VL, 
VM, RF 

TMS intensity (30-100%) set to evoke largest VL MEP at 20% MVC. 
Coil positioned to evoke largest SITs and VM, VL, RF MEPs, with small 
BF MEP (<10% “raw quadriceps MEP amplitude”) at 10% MVC. 
 

Bowtell et 
al. (8) 

Magstim 
200 

Cone No BF, VM TMS intensity was 120% of AMT (mean: 67% output). AMT based on 
VL MEPs at 5% MVC. 
 

Dekerle et 
al. (9) 

Magstim 
200 

Cone No BF, VL TMS intensity (mean: 66% output) set to evoke largest SIT at 50% MVC. 
VL and BF MEPs were considered for coil position at 20% MVC. 
 

Dekerle et 
al. (10) 

Magstim 
200 

Cone No BF, VL TMS intensity (mean: 65% output) set to evoke largest SIT at 50% MVC. 
VL and BF MEPs were considered for coil position at 20% MVC. 
 

Fernandez 
del Olmo 
et al. (12) 

Magstim 
2002 

Figure 
8 

No BF, RF TMS intensity (75-95% output) set to evoke RF MEPs of ~90% Mmax at 
50% MVC. RF and BF MEPs were considered for coil position. 

Goodall et 
al. (15) 

Magstim 
200 

Cone No BF, VL TMS intensity was 130% of RMT (mean: 75% output). Intensity deemed 
appropriate as it evoked VL MEPs of 80-100% of VL Mmax at ≥50% 
MVCs and evoked “only a small MEP” in BF. 
 

Goodall et 
al. (16) 

Magstim 
200 

Cone No BF, VL TMS intensity was 130% of RMT (mean: 73%). Intensity deemed 
appropriate as it evoked VL MEPs of 60-100% Mmax at ≥50% MVCs, 
while it evoked BF MEPs of ~20% the size of VL MEPs. 
 

Goodall et 
al. (14) 

Magstim 
200 

Cone No BF, VL TMS intensity was 130% of RMT (mean: 73% output). RMT based on 
VL MEPs. This intensity was deemed appropriate as it evoked VL MEPs 
of 72% Mmax at 100% MVC and BF MEPs 8% the size of VL MEPs. 
 

Marillier 
et al. (19) 

Magstim 
200 

Cone No BF, VL, 
VM, RF 

TMS intensity was 140% AMT (mean: ~63% output). AMT based on 
MEPs at 10% MVC. Coil position determined with 60% output at 10% 
MVC and aimed to maximize VM, VL, and RF MEPs, while minimizing 
BF MEPs (<10% of “maximal quadriceps muscle M-wave”). 
 

Pageaux 
et al. (23) 

Magstim 
2002 

Cone No BF, VL, 
VM, RF 

TMS intensity (mean: 56% output) set to evoke largest VL MEP and a 
small BF MEP at 50% MVC. 
 

Rupp et 
al. (25) 

Magstim 
200 

Cone No BF, VL, 
VM, RF 

TMS intensity set to evoke largest RF MEP and small BF MEP (<10% of 
RF Mmax) at 50% MVC. 
 

Senefeld 
et al. (26) 

Magstim 
200 

Cone No VL, VM, 
RF 

TMS intensity set to evoke maximal SITs and RF MEPs at 50% MVC. 

Sidhu et 
al.  (28) 

Magstim 
2002 

Cone Yes BF, RF TMS intensity (range: 40%–60% output) set to evoke largest RF MEP (at 
least 50% Mmax) and small BF MEP (<10% of raw quadriceps MEP 
amplitude) at 50% MVC. 
 

Sidhu et 
al. (29) 

Magstim 
2002 

Cone No BF, RF TMS intensity set to evoke largest RF MEP (~90% RF Mmax) and a small 
BF MEP (<10% of raw quadriceps MEP) at 50% MVC. 
 

Souron et 
al. (30) 

Magstim 
2002 

Cone No BF, VL, 
RF 

TMS intensity (mean: 66% output) set to evoke largest VL MEP, RF 
MEP, and SIT, and small BF MEP at 20% MVC. 
 

Sundberg 
et al. (31) 

Magstim 
2002 

Cone No VL, VM, 
RF 

TMS intensity set to evoke largest SIT and VL MEP at 40% MVC. 

Temesi et 
al. (33) 

Magstim 
2002 

Cone No BF, VL, 
VM, RF 

Various TMS methods and intensities used. 

Temesi et 
al. (34) 

Magstim 
2002 

Cone No VL TMS intensity (mean: 66% output) set to evoke the “largest MEP 
amplitudes” at 20% MVC. 
 

Zghal et 
al. (40) 

Magstim 
200 

Single No BF, VL, 
VM, RF 

TMS intensity set to evoke largest RF MEP with a small BF MEP (<10% 
of RF Mmax) at 50% MVC. 
 

Zghal et 
al. (41) 

Magstim 
2002 

Single No BF, VL, 
VM, RF 

TMS intensity set to evoke largest RF MEP with a small BF MEP (<10% 
of RF Mmax) at 50% MVC. 

 

AMT = active motor threshold; BF = biceps femoris; Mmax = maximal compound muscle action 
potential; RF = rectus femoris; RMT = resting motor threshold; TMS = transcranial magnetic 
stimulation; VM = vastus medialis; VL = vastus lateralis 
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Table 2. Data from eligible and ineligible participants in Study 3. 
 
 Setup procedures  Experimental protocol 
Participant TMS 

intensity  
(% max 
output)* 

VL MEP 
at 90% 
MVC 

(% Mmax) 

HS MEP 
at 90% 
MVC 

(% Mmax) 

TMS/FNS 
SIT ratio at 
90% MVC 
in setup† 

 VL MEP 
at 100% 

MVC 
(%Mmax) 

HS MEP 
at 100% 

MVC 
(%Mmax) 

FNS 
SIT at 
100% 
MVC 
(N) 

TMS 
SIT at 
100% 
MVC 
(N) 

FNS  
VA  
(%) 

TMS 
VA 
(%) 

Ineligible            
A16 (M) 50-65 33-42† 10-15 0.23-0.29†  n/a n/a n/a n/a n/a n/a 
A18 (M) 55-65 7-9† 8-20† 0.16-0.37†  n/a n/a n/a n/a n/a n/a 
A19 (M) 55-65 27-49 5-8 0.34-0.62†  n/a n/a n/a n/a n/a n/a 
A20 (F) 50-65 21-31† 10-17 0.45†  n/a n/a n/a n/a n/a n/a 
A21 (F) 50-55 32† 30‡ 0.14†  n/a n/a n/a n/a n/a n/a 
A22 (M) 55-65 21-24† 3-5 0.43-0.47†  n/a n/a n/a n/a n/a n/a 
Eligible            
A3 (M) 65 60.4 12.1 0.87  54.9 13.1 8.6 8.5 87.8 88.0 
A4 (M) 35 61-87 6-9 0.81  68.8 4.8 7.8 7.4 93.0 93.3 
A5 (F) 55 57.3 12.3 1.33  40.0 15.2 7.0 5.3 90.3 92.7 
A6 (M) 40 57 11.6 1.46  50.5 23.3 13.3 12.7 86.0 86.6 
A7‡ (M) 53 49.3 15 0.95  48.5 24.8 19.8 13.0 75.5 84.0 
A8 (M) 40 56.6 3.6 1.21  49.1 9.8 25.1 23.9 71.8 73.2 
A9‡ (M) 75 42.2 8.5 1.00  21.4 19.5 7.6 3.4 90.2 95.6 
A10‡ (M) 85 41.5 3.9 0.81  38.2 14.6 16.3 13.0 81.3 85.1 
 
F = female; HS = medial hamstrings; FNS = femoral nerve stimulation; M = male; MEP = motor 
evoked potential; Mmax = maximal compound muscle action potential; MVC = maximal 
voluntary contraction; TMS = transcranial magnetic stimulation; SIT = superimposed twitch; VL 
= vastus lateralis. *For ineligible participants, the TMS intensities in the table are the range of 
intensities tested in setup procedures. For eligible participants, the TMS intensity in the table was 
the one in setup procedures that led to the best SIT ratio and was used in subsequent testing. 
†Part of the exclusion decision for that participant. ‡The modified TMS procedure did not lead to 
an accurate measure of voluntary activation.   
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Table 3. Recommended procedures for use of transcranial magnetic stimulation to assess 
voluntary activation of the knee extensors in healthy individuals. 
 
Step Description 
1 HS Mmax. Test for presence of HS M-wave using SNS. If HS Mmax cannot be obtained, discontinue 

testing. If HS Mmax is obtained, proceed to Step 2. 
2 VL and VM Mmax. Test for presence of VL and VM M-wave using FNS. If VL and VM Mmax cannot 

be obtained or participants do not tolerate stimulation, discontinue testing. If VL and VM Mmax are 
obtained and participants are tolerant of stimulation, proceed to Step 3. 

3 MVC. Give participant 2-4 trials to establish MVC. Provide visual feedback. Use the best MVC for 
subsequent procedures and calculations.  

4 TMS “hot spot.” Start with a low TMS intensity (30-50% output) that evokes MEPs in the knee 
extensor muscles at rest. If MEPs are not present at rest, then assess MEPs during a weak voluntary 
contraction of the knee extensors (5-10% MVC). Move the coil in a grid-like manner to identify the 
“hot spot” – i.e., the coil position that evokes the largest VL and/or VM MEPs. Mark the spot on a 
cap worn by the participant. If the participant is tolerant of the stimulation, proceed to Step 5. 

5 SIT from FNS at 90% MVC. Test the size of the SIT at 90% MVC with FNS. This measurement is 
used in the computation of the SIT ratio in Step 6.  

6 TMS intensity at 90% MVC. The goal of Step 6 is to identify the TMS intensity that maximizes the 
size of the SIT at 90% MVC, such that the TMS SIT divided by the FNS SIT is ≥0.80 (i.e., SIT 
ratio). Using a TMS intensity of ~55% stimulator output, test SITs and peak-to-peak amplitudes of 
VL, VM, and HS MEPs at 90% MVC. This TMS intensity may or may not maximize the size of the 
SIT. Thus, test other TMS intensities. Conduct 1-3 trials at each TMS intensity. However, to avoid 
fatigue, provide adequate rest (2 minutes) between trials and minimize the number of TMS intensities 
tested and the number of trials at each intensity. Discontinue testing if no TMS intensity leads to a 
SIT ratio ≥0.80 or if no TMS intensity leads to a VL MEP ≥40% Mmax (even if the SIT ratio is ≥0.80). 
If one or more TMS intensities leads to a SIT ratio ≥0.80 and VL MEP ≥40% Mmax, then, in 
subsequent testing of voluntary activation, use the intensity that evokes the largest SIT. Use the 
resting twitch from FNS in the computation of voluntary activation measured by TMS. 

 
HS = medial hamstrings; FNS = femoral nerve stimulation; MEP = motor evoked potential; Mmax 
= maximal compound muscle action potential; MVC = maximal voluntary contraction; TMS = 
transcranial magnetic stimulation; SIT = superimposed twitch; SNS = sciatic nerve branch 
stimulation; VL = vastus lateralis. 
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