
Journal of Visualized Experiments
 

Standing Neurophysiological Assessment of Lower Extremity Muscles Post-Stroke
--Manuscript Draft--

 
Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE62601R2

Full Title: Standing Neurophysiological Assessment of Lower Extremity Muscles Post-Stroke

Corresponding Author: John Kindred
Ralph H Johnson VA Medical Center
Charleston, SC UNITED STATES

Corresponding Author's Institution: Ralph H Johnson VA Medical Center

Corresponding Author E-Mail: kindred@musc.edu

Order of Authors: John Kindred

Christian Finetto

Jasmine Cash

Mark Bowden

Additional Information:

Question Response

Please specify the section of the
submitted manuscript.

Neuroscience

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access ($1400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Charleston, SC, USA

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

I agree to the Author License Agreement

Please provide any comments to the
journal here.

Please confirm that you have read and
agree to the terms and conditions of the
video release that applies below:

I agree to the Video Release

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

https://www.jove.com/files/Article_License_Agreement_1-29-21.pdf
https://www.jove.com/files/Video_Release_1-29-21.pdf


TITLE: 1 
Standing Neurophysiological Assessment of Lower Extremity Muscles Post-Stroke 2 
 3 
AUTHORS AND AFFILIATIONS: 4 
John Harvey Kindred1,2, Christian Finetto3, Jasmine Jamilah Cash3, Mark Goodman Bowden1,2,3 5 
 6 
1Ralph H. Johnson Veterans Administration Medical Center, Department of Research and 7 
Development, Charleston, SC 8 
2Medical University of South Carolina, College of Health Professions, Department of 9 
Rehabilitation Sciences, Division of Physical Therapy, Charleston, SC 10 
3Medical University of South Carolina, College of Health Professions, Department of Health 11 
Sciences and Research, Charleston, SC 12 
 13 
Email Addresses of Co-Authors: 14 
John Harvey Kindred  (kindred@musc.edu) 15 
Christian Finetto  (finetto@musc.edu) 16 
Jasmine Jamilah Cash  (cashja@musc.edu) 17 
Mark Goodman Bowden (bowdenm@musc.edu) 18 
 19 
Corresponding authors: 20 
John Harvey Kindred  (kindred@musc.edu) 21 
Mark Goodman Bowden (bowdenm@musc.edu) 22 
 23 
SUMMARY: 24 
This protocol describes the process for performing a neurophysiological assessment of the lower 25 
extremity muscles, tibialis anterior and soleus, in a standing position using TMS in people post-26 
stroke. This position provides a greater probability of eliciting a post-stroke TMS response and 27 
allows for the use of reduced stimulator power during neurophysiological assessments. 28 
 29 
ABSTRACT: 30 
Transcranial magnetic stimulation (TMS) is a common tool used to measure the behavior of 31 
motor circuits in healthy and neurologically impaired populations. TMS is used extensively to 32 
study motor control and the response to neurorehabilitation of the upper extremities. However, 33 
TMS has been less utilized in the study of lower extremity postural and walking-specific motor 34 
control. The limited use and the additional methodological challenges of lower extremity TMS 35 
assessments have contributed to the lack of consistency in lower extremity TMS procedures 36 
within the literature. Inspired by the decreased ability to record lower extremity TMS motor 37 
evoked potentials (MEP), this methodological report details steps to enable post-stroke TMS 38 
assessments in a standing posture. The standing posture allows for the activation of the 39 
neuromuscular system, reflecting a state more akin to the system’s state during postural and 40 
walking tasks. Using dual-top force plates, we instructed participants to equally distribute their 41 
weight between their paretic and non-paretic legs. Visual feedback of the participants’ weight 42 
distribution was provided. Using image guidance software, we delivered single TMS pulses via a 43 
double-cone coil to the participants’ lesioned and non-lesioned hemispheres and measured the 44 
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corticomotor response of the paretic and non-paretic tibialis anterior and soleus muscles. 45 
Performing assessments in the standing position increased the TMS response rate and allowed 46 
for the use of the lower stimulation intensities compared to the standard sitting/resting position. 47 
Utilization of this TMS protocol can provide a common approach to assess the lower extremity 48 
corticomotor response post-stroke when the neurorehabilitation of postural and gait 49 
impairments are of interest. 50 
 51 
INTRODUCTION: 52 
Transcranial magnetic stimulation (TMS) is an instrument used to measure the behavior of neural 53 
circuits. The majority of TMS investigations focusing on the study of motor control/performance 54 
have been conducted in the upper extremities. The imbalance between the upper and lower 55 
extremity studies is in part due to the additional challenges in measuring the lower extremity 56 
corticomotor response (CMR). Some of these methodological obstacles include the smaller 57 
cortical representations of the lower extremity muscles within the motor cortex and the deeper 58 
location of the representations relative to the scalp1. In populations with neurological injury, 59 
additional hurdles are also present. For example, approximately half of the individuals post-60 
stroke show no response to TMS at rest in lower extremity muscles2,3. The lack of post-stroke 61 
response to TMS is even seen when patients maintain some volitional control of the muscles, 62 
indicating at least a partially intact corticospinal tract. 63 
 64 
The lack of measurable TMS responses with maintained motor function contributes to our 65 
decreased understanding of post-stroke postural and walking-specific motor control and the 66 
neurophysiological effects of neurorehabilitation. However, some of the challenges of lower 67 
extremity post-stroke neurophysiological assessments have been overcome. For example, a 68 
double-cone coil can be used to reliably activate the lower extremity motoneurons located deep 69 
in the interhemispheric fissure1. The double-cone coil produces a larger and stronger magnetic 70 
field that penetrates deeper into the brain than the more commonly used figure-of-eight coil4. 71 
Another methodological change that can be implemented to increase the responsiveness to TMS 72 
is measuring the CMR during a slight voluntary contraction5. Generally, this contraction is 73 
performed at a predetermined level of either maximal voluntary joint torque or maximal 74 
electromyographic (EMG) muscle activity. Peripheral nerve stimulation can also be used to elicit 75 
a maximal muscle response and the recorded EMG of this response can be used to set the 76 
targeted voluntary activation of the muscle. 77 
 78 
Performing TMS assessment post-stroke during active muscle contraction is fairly common in the 79 
upper extremities where isometric tasks can mimic functional activities, for example, 80 
grasping/holding objects. In contrast, walking is accomplished through the bilateral activation of 81 
multiple muscle groups via cortical, subcortical, and spinal cord structures and requires postural 82 
muscle activation to resist the effects of gravity. This activation state is likely not reflected when 83 
measuring isolated muscles producing an isometric contraction. Several previous studies directed 84 
at understanding postural and walking-specific motor control have delivered TMS pulses while 85 
participants were walking6–8 and standing9–15. The measurement of the CMR in the upright 86 
position allows for the activation of postural muscles and subcortical components of the postural 87 
and gait motor-control networks. To date, there have not been any reports of performing 88 



 

standing TMS assessments in individuals post-stroke. 89 
 90 
This study proposes a standardized methodology, built upon the existing body of literature of 91 
standing TMS methods6–15, for standing TMS assessment of the CMR post-stroke. This 92 
methodology can be utilized by research groups studying, but not limited to, postural deficits and 93 
walking-specific motor control post-stroke and establish greater consistency of TMS procedures. 94 
The purpose of this methodological investigation was to determine whether standing TMS 95 
assessments are feasible in individuals post-stroke with moderate gait impairments. We 96 
hypothesized that performing assessments in the standing position would 1) increase the 97 
likelihood of eliciting a measurable response (motor evoked potential, MEP) and 2) that the 98 
stimulator power/intensity used to perform standing TMS assessments would be lower than that 99 
of the usually performed sitting/resting assessments. We believe the successful completion and 100 
widespread use of this protocol may lead to a greater understanding of the neurophysiological 101 
aspects of post-stroke postural and walking-specific motor control and the effects of 102 
neurorehabilitation. 103 
 104 
PROTOCOL: 105 
All procedures were approved by the Institutional Review Board at the Medical University of 106 
South Carolina and conformed to the Declaration of Helsinki. 107 
 108 
1. Participant recruitment 109 
 110 
1.1 Recruit individuals post-stroke from the local database. For this experiment, 16 111 
individuals were recruited from a local electronic recruitment database. In some instances, 112 
participants were recruited specifically because they had failed to respond to TMS at rest in 113 
previous studies performed by our research group. 114 
 115 
1.1.1 Use the following inclusion criteria for this investigation: males and females between the 116 
ages of 18–85, at least 6 months post-stroke, residual paresis of the lower extremities, and able 117 
to stand 10 min without an assistive device. 118 
 119 
1.1.2 Exclude participants if they had a history of seizures, took prescription medications that 120 
lowered seizure thresholds, had a history of brain injury and/or other diseases of the central 121 
nervous system, had implanted devices or metal objects in their head, or had severe arthritis or 122 
orthopedic conditions limiting their passive range of motion. 123 
 124 
NOTE: Participants’ demographics are located in Table 1. 125 
 126 
[Place Table 1 here] 127 
 128 
1.2 Make initial contact with participants via phone and briefly explain the testing 129 
procedures. Invite interested individuals to the laboratory. 130 
 131 
1.2.1 Upon arrival to the research facility, have a member of the research staff fully explain the 132 



 

experimental protocol to the prospective participants. 133 
 134 
1.2.2 When a prospective participant confirms their willingness to participate in the study, 135 
obtain written informed consent approved by the local institutional review board. 136 
 137 
2. Image guidance system and participant setup 138 
 139 
2.1 Utilize image guidance software to ensure consistent delivery of the TMS pulses during 140 
the assessment. 141 
 142 
2.1.1. Start a new project using the MNI head model native to the image guidance system. Open 143 
the software and select New MNI Head Project. 144 
 145 
2.1.2. In the pop-up window, click on the Targets tab and then click Configure Targets. Determine 146 
the scalp location directly superior to the pre-central gyrus and 0.5 cm lateral to the midsagittal 147 
line. 148 
 149 
2.1.3. Once the location is visually identified, add a new rectangular grid by clicking on the New, 150 
and then on the Rectangular Grid. The grid should appear on the screen, and the medial row 151 
should be 0.5 cm lateral to the midsagittal line. 152 
 153 
2.1.4. Resize the grid by typing 3 and 5 in the grid size boxes. Set the grid spacing to 10 by 10 mm 154 
by typing in the grid spacing boxes. Select the Cursor Tool, and then move the cursor to the scalp 155 
image. 156 
 157 
2.1.5. Press and hold the mouse button to rotate the scalp image to ensure all grid points are 158 
touching the skin. If the grid points are not on the scalp, adjust the curvature of the grid by moving 159 
the curvature slider. 160 
 161 
2.1.6. Repeat these procedures to place another 3 x 5 grid over the opposite hemisphere. 162 
 163 
NOTE: This can be performed before a participant’s enrollment into the study and arrival to the 164 
laboratory. Additionally, a participant’s anatomical T1-weighted image can be used if available. 165 
Specific details on using anatomical MRIs for navigation can be found in the previously published 166 
article16. 167 
 168 
2.2 Start a new session within the image guidance software by selecting the Sessions tab once 169 
the software is open. 170 
 171 
2.2.1. Click on New, and then on Online Session. In the next window, select the two grids created 172 
in the previous section (section 2.1) by clicking on them, and then click on Add. 173 
 174 
2.2.2. In the IOBox tab, under TTL Trigger Options check the box next to Use Switch (Switch In) 175 
and input 0 ms into the Dead Time box. Click on the Next button at the top. Visually ensure the 176 



 

image guidance system’s camera is active. 177 
 178 
2.3 Begin participant registration by placing the subject tracker, supplied with the image 179 
guidance system, around the participant’s forehead. 180 
 181 
2.3.1. Manually adjust the camera to ensure the participant tracker is in the middle of the 182 
camera’s field of view. Next, click on the Registration tab at the top of the software. 183 
 184 
2.3.2. Place the image guidance system’s pointer/marker onto the registration landmarks: nasion 185 
and the right and left periauricular points. When the pointer is placed on the skin, click on the 186 
Next button to register the participant’s skin locations to the image guidance software. 187 
 188 
2.3.3. After the registration landmarks have been captured, click on the Scaling tab at the top of 189 
the software window. Place the pointer on the rightmost, leftmost, topmost, frontmost, and 190 
backmost locations of the participant’s scalp. 191 
 192 
2.3.4. Click on the Next button at each location to scale the image guidance system to the 193 
participant’s head. After scaling is complete, click on the Perform tab at the top of the software. 194 
The image guidance system is now ready. 195 
 196 
3. Surface electromyography preparation and setup 197 
 198 
3.1 Prepare the participants’ tibialis anterior (TA) and soleus (SOL) muscles for surface 199 
electromyography (sEMG) electrodes. To prepare the skin for sEMG, clean the area using alcohol 200 
pads and, if necessary, remove any hair with a single-use safety razor. Place the sEMG disposable 201 
gel electrodes according to SENIAM guidelines17. 202 
 203 
NOTE: Sensor placement for the TA is 1/3 of the way down on the line between the tip of the 204 
fibula and the tip of the medial malleolus. For the SOL, place the sensor 2/3 of the line between 205 
the medial condyle of the femur to the medial malleolus. 206 
 207 
3.2 Once the electrodes are attached, visually inspect the signal for quality. Then, proceed to 208 
wrap the shanks with an elastic bandage to minimize any movement of the electrodes and the 209 
resultant artifact during testing. 210 
 211 
NOTE: Record sEMG signals at 5000 Hz in a 0.5 s window starting 0.1 s before the delivery of the 212 
TMS pulses. The exact sampling frequency and amount of data collected will be dependent on 213 
the hardware and software used to record the sEMG response to TMS. For details on establishing 214 
EMG recordings and analyses see Tankisi et al.18. 215 
 216 
4. Force plate and participant safety setup 217 
 218 
4.1 Open the data collection software and start a new trial to calibrate the dual-top force 219 
plate. 220 



 

 221 
4.1.1. Click Start and begin an FP Zero trial. Collect 3–5 s of data with no load on the force plate, 222 
and then click Stop. 223 
 224 
4.1.2. Once the force plate is calibrated, the participant has been registered to the image 225 
guidance system (section 2.2), and the sEMG electrodes have been placed and tested for the 226 
signal quality (section 3), instruct the participant to stand and fit them with a safety harness. 227 
 228 
4.1.3. Have the participant step onto the force plate and standardize their foot placement with 229 
masking tape pre-applied to the force plate to signify the foremost position of the foot and medial 230 
edges of the feet equal distances from the midline. 231 
 232 
4.1.4. Attach the participant’s safety harness to the ceiling support. Place a rollator, or similar 233 
device, around the force plate to provide participants with something to steady themselves with 234 
during testing if needed. 235 
 236 
NOTE: Ensure that during all standing TMS procedures the participants are secured to the ceiling 237 
via a safety harness to prevent a fall. 238 
 239 
4.2 Measure and collect the participant’s weight as they stand on the force plate by clicking 240 
Start and selecting an FP Static trial. Record 2–5 s worth of data and click Stop to end the trial. 241 
 242 
4.2.1. When standing on the force plates, ensure that the data collection software displays two 243 
bar graphs representing the weight/force under each of the participant’s feet (Figure 1A). When 244 
the participant shifts their weight to one side, the bar graphs will change in height (Figure 1B). 245 
 246 
4.2.2. If a participant unloads the weight on their legs to their arms, ensure the bar graph display 247 
changes color (Figure 1C). After a participant becomes comfortable standing with equal weight 248 
distributed between their legs, measuring the CMR can commence. 249 
 250 
[Place Figure 1 here] 251 
 252 
5. Standing corticomotor response assessment 253 
 254 
5.1 Begin the neurophysiological assessments by identifying a stimulator intensity that 255 
produces consistent motor evoked potentials (MEP), i.e., EMG signal amplitude > 50 µV, and/or 256 
a visible corticosilent period in the active muscles, in the target TA, and SOL muscle. 257 
 258 
NOTE: Use a double-cone coil to deliver all TMS pulses with the current moving through the coil 259 
in an anterior to posterior direction. Apply the TMS pulses only when the participant is 260 
maintaining equal weight distribution between their paretic and non-paretic legs, as indicated by 261 
the visual feedback/bar graphs mentioned in the previous section (section 4.2). 262 
 263 
5.1.1 Test the paretic limb first by applying TMS pulses to the lesioned hemisphere. Begin by 264 



 

setting the TMS stimulator power level to 50% maximal stimulator output (%MSO) by turning the 265 
output control knob. Apply a single pulse at 50% MSO to the middle grid point located just lateral 266 
to the longitudinal fissure by pressing the trigger button on the stimulator. Apply 2–3 pulses with 267 
an interstimulus interval of 5–10 s. 268 
 269 
NOTE: If a participant shows a response at 50% MSO, skip to section 5.2 and begin hotspot 270 
identification. 271 
 272 
5.1.2 If responses are not seen in the TA and SOL, increase the stimulator power by 10% MSO 273 
by turning the output control knob and deliver 2–3 TMS pulses as in step 5.1.1. 274 
 275 
5.1.3 If no responses are seen after increasing the stimulator to 60% MSO, again increase the 276 
power by 10% MSO. If no MEPs are elicited at 70% MSO, randomly select several grid points and 277 
apply TMS pulses to determine whether there is a response at the current power setting. 278 
 279 
5.1.4 If no responses are recorded at any grid point at the current 70% MSO, return to the initial 280 
target grid point land, continue to increase the stimulator power by increments of 10% MSO and 281 
apply 2–3 stimulations as previously described. 282 
 283 
NOTE: Repeat this process until reliable responses are recorded from the target muscles or until 284 
it is determined that the participant has no response to TMS. Not all participants will produce a 285 
measurable response to TMS. 286 
 287 
5.2 Once the stimulator power that produces a consistent response has been identified, begin 288 
identifying the hotspot, i.e., the scalp location that produces the largest response to the applied 289 
TMS pulses. 290 
 291 
5.2.1. Start a new hotspot trial by clicking Start and selecting Hotspot. Apply a single-pulse 292 
stimulation to each of the 15 grid points at the suprathreshold power level identified in the 293 
previous steps. Using the image guidance system, move the coil to the first grid point. 294 
 295 
5.2.2. Once the coil is in the proper position, apply the TMS pulse by pressing the trigger button 296 
on the stimulator unit. Next, move the coil to the next grid location and apply another single TMS 297 
pulse. Continue until a single stimulation has been applied to each grid point and click on Stop to 298 
end the trial. 299 
 300 
5.2.3. Examine the amplitudes of the sEMG signals recorded at each grid point. Visually identify 301 
the grid points with the largest MEP amplitude, recorded in the sEMG signals, for each of the 302 
targeted muscles. The grid locations with the largest MEP amplitudes are the hotspots and will 303 
be used to measure the corticomotor response in the following sections. 304 
 305 
NOTE: On some occasions, a single grid location may provide the largest MEP amplitudes for both 306 
the TA and SOL. In these cases, determine the motor thresholds for each muscle separately. 307 
 308 



 

5.3 Next, determine the motor threshold of the targeted muscle using simple adaptive 309 
Parameter Estimation by Sequential Testing (PEST)19,20. 310 
 311 
5.3.1. Open the PEST program and set the initial stimulator intensity to the suprathreshold value 312 
used to identify the hotspot by typing the value into the box. 313 
 314 
5.3.2. Begin a new PEST trial by clicking the Start tab in the data collection software and select 315 
PEST. 316 
 317 
5.3.3. Apply a single TMS pulse to the identified target muscle’s hotspot at the initial %MSO 318 
intensity displayed in the PEST program. Indicate in the PEST program that a response was 319 
observed in the muscle’s sEMG signal by typing y or n. The PEST program will automatically 320 
calculate the next stimulation intensity. 321 
 322 
5.3.4. Adjust the stimulator’s power level to match the PEST program and apply another single 323 
TMS pulse. Continue this process until the PEST program determines the motor threshold, 324 
indicated by a change in color of the stimulation intensity, and end the data collection trial by 325 
clicking on the Stop tab. 326 
 327 
NOTE: The PEST procedure uses a freely available program that directs how much stimulator 328 
power to use with successive pulses. One of the PEST programs can be found here: 329 
(https://www.clinicalresearcher.org/software.htm). 330 
 331 
5.4 After the target muscle’s hotspot and motor threshold have been identified, begin the 332 
CMR evaluation. Set the intensity of the stimulator to 120% of the determined motor threshold. 333 
 334 
5.4.1. Initiate a new trial in the data collection software by clicking on the Start tab and select an 335 
MEP trial. Place the coil on the muscle’s hotspot and apply 10–20 single-pulse stimulations. 336 
 337 
5.4.2. Allow for 5–10 s between each stimulation. Record the evoked sEMG responses for off-line 338 
analysis. Allow the participant to rest ad libitum and for sufficient time between testing 339 
procedures to reduce the likelihood of the participant developing fatigue, which could affect the 340 
results. 341 
 342 
5.4.3. Click on the Stop tab after recording the MEPs to end the trial. 343 
 344 
NOTE: The researcher handling the TMS coil should ensure that the participants have equal 345 
weight distribution under each leg immediately prior to applying any TMS pulse. If the 346 
investigator thinks the stimulation was applied while the participant’s weight was not equally 347 
distributed, perform an additional stimulation and exclude the previous trial from future analysis. 348 
Test the non-paretic muscles immediately after the paretic muscles. Figure 2 displays the 349 
experimental setup during the standing TMS assessment. 350 
 351 
[Place Figure 2 here] 352 



 

 353 
6. Sitting corticomotor response assessment 354 
 355 
6.1 After the completion of the standing TMS assessment, remeasure the motor thresholds 356 
and the CMR in a resting/sitting position. 357 
 358 
6.1.1. Use the same procedures previously described (sections 5.2–5.4). The only change being 359 
the participant should be seated in a chair with their legs supported and muscles relaxed. 360 
 361 
6.1.2. Use the same hotspots identified during the standing assessment (section 5.2) in the sitting 362 
position. Perform the neurophysiological testing in the same manner as used in the standing 363 
position, except for using a stimulation intensity of 120% of the resting/sitting motor threshold. 364 
 365 
NOTE: It may be necessary to perform additional testing using a previously determined stimulator 366 
power. For example, if comparisons between the amplitude of the MEP in different postural 367 
positions are performed, it may be necessary to use a similar absolute stimulator power. This will 368 
depend upon the research question at hand and should be identified during study design. 369 
 370 
7. Statistical approach 371 
 372 
7.1 To test the hypothesis that standing would lead to an increased probability of evoking 373 
measurable responses construct a 2 x 2 table and test the proportions using McNemar’s Test21. 374 
 375 
7.2. To compare the power levels of the motor thresholds, use a paired t-test on the participants 376 
who had measurable responses in both positions. Determine significance with an alpha = 0.05. 377 
 378 
REPRESENTATIVE RESULTS: 379 
One participant was removed from the analysis due to the inability to tolerate the standing TMS 380 
procedure due to preexisting knee pain and a diabetic wound received before their arrival to the 381 
research laboratory, leaving a final sample size of 15. The diabetic wound was directly over the 382 
TA and precluded any sEMG measures of this muscle. There were no major adverse events 383 
reported to the investigators during either the sitting or standing TMS procedures. Several minor 384 
adverse events were reported, such as neck muscle pain and slight headaches. However, these 385 
minor events were reported at the end of the testing session, and it was not clear whether the 386 
sitting or standing procedures were more responsible for these side-effects. These minor adverse 387 
events are commonly seen after TMS evaluations and within the TMS literature22. 388 
 389 
Total loading/unloading of body weight during TMS pulse application was +0.4% (SD 1.8%) of 390 
body weight. This signifies that the participants did not unload body weight from their legs to 391 
their arms when using the rollator as a means to support themselves during the TMS procedures. 392 
The average weight distribution of the participants’ left leg was 50% (SD 6%). We attempted to 393 
measure motor thresholds in four separate muscles (paretic and non-paretic, TA and SOL), 394 
leading to a total of 60 motor thresholds in both the standing and sitting positions. In the standing 395 
position, we were able to elicit and measure a motor threshold 90.0% of the time compared to 396 



 

65.0% in the sitting position. Within a single session, it was more likely that assessing the motor 397 
threshold in the standing position would result in a measurable response (McNemar Chi2, Yates 398 
correction, χ = 8.48, P = 0.004) (Table 2). This agrees with our first hypothesis that the standing 399 
position would result in an increased likelihood of evoking measurable responses. Our second 400 
hypothesis was that standing would result in motor thresholds requiring lower stimulator power. 401 
Our results show that when individuals presented with measurable motor thresholds in the 402 
sitting and standing positions, the measured thresholds in the standing position were lower (N = 403 
38, Standing MT 45% MSO SD 9, Sitting MT 53% MSO SD 11, Paired t-statistic 4.99, P < 0.001). 404 
Figure 3 displays the measured motor thresholds for each muscle and condition for all 405 
participants. 406 
 407 
[Place Table 2 and Figure 3 here] 408 
 409 
FIGURE AND TABLE LEGENDS: 410 
Table 1: Participant demographics. 411 
 412 
Table 2: The constructed 2 x 2 table shows the reported ability to successfully produce a 413 
response to TMS and the ability to measure a motor threshold in the sitting and standing 414 
conditions. The McNemar’s test was used to compare the probability of eliciting a measurable 415 
response and it was found that the standing assessments were significantly more likely to evoke 416 
a measurable response compared to performing evaluations in a sitting position. 417 
 418 
Figure 1: Representative image of the visual feedback provided to participants during the 419 
standing TMS assessment. (A) displays the visual feedback given to participants while they were 420 
standing with their weight equally distributed between the paretic and non-paretic legs. The 421 
vertical bars represent the amount of force measured by each of the areas of the force plate. The 422 
solid horizontal lines represent the range of vertical force measured to ensure loading of body 423 
weight on the lower extremities and not through the arms if participants needed to steady 424 
themselves with the provided hand support. If the participant’s body weight was shifted to one 425 
side more than 5%, the vertical bars changed colors to inform the participant to lean toward the 426 
side that was unloaded, as shown in (B). If the participant loaded/unloaded more than +/- 5% of 427 
their body weight off their legs, the background screen color would change as shown in (C). 428 
 429 
Figure 2: Image taken during the measurement of the corticomotor response (CMR) in the 430 
standing position. The image guidance system and the collected sEMG activity are displayed to 431 
research personnel during data collection as shown on the monitors located on the left side of 432 
the image. Visual feedback of the weight distribution was provided in front and slightly to the 433 
right of the participants. Participants wore a safety harness which was attached to the ceiling to 434 
prevent falls while standing on the dual-top force plate. Support for the participants’ arms was 435 
provided to help participants steady themselves after TMS pulses were applied. 436 
 437 
Figure 3: Measured motor thresholds in the muscles of interest. Lines connecting the left and 438 
right values indicate the individual had measurable motor thresholds for that muscle in both the 439 
sitting and standing positions. Motor thresholds are measured and reported as a percentage of 440 



 

maximal stimulator output (%MSO). (A,B) show motor thresholds measured in the paretic and 441 
non-paretic tibialis anterior muscles, respectively. (C, D) show the motor thresholds of the paretic 442 
and non-paretic soleus muscles, respectively. 443 
 444 
DISCUSSION: 445 
The experimental protocol was well tolerated by most participants. One individual was unable to 446 
complete the standing TMS evaluation due to preexisting decubitus ulcers secondary to diabetic 447 
complications and orthopedic issues involving preexisting knee pain. The amount of 448 
loading/unloading of body weight from the legs was minimal. However, there was, on average, a 449 
slightly greater downward force measured during the application of the TMS pulses. This is likely 450 
due to the weight of the coil and the downward pressure applied by the investigators to ensure 451 
there was sufficient contact between the scalp/head and the TMS coil. The minimal changes in 452 
body weight captured during the TMS procedures compared to the static trials suggest that no 453 
significant effects of bodyweight loading or unloading contributed to our results. We also 454 
examined the weight distribution between the legs and found it to be symmetrical, with an 455 
average of 50% of the participants’ weight supported by their left legs. It is expected that post-456 
stroke individuals who can stand for 10 min with little to no support can complete the described 457 
standing TMS assessments. The standing position allowed for a greater response rate to TMS 458 
compared to the resting/sitting position. The increase in TMS responsiveness in the standing 459 
position may allow individuals who were previously disqualified from neurophysiological studies 460 
due to lack of measurable TMS response to qualify for future studies investigating postural and 461 
walking-specific post-stroke motor control. Increasing the pool of eligible participants can lead 462 
to greater generalizability of research findings across the post-stroke population. 463 
 464 
Motor thresholds assessed in the standing position were measured at a lower %MSO. Post-stroke 465 
motor thresholds are often increased23 and require stimulation at a high %MSO to measure the 466 
CMR. Applying high-power TMS pulses with a double-cone coil can lead to increased facial and 467 
upper extremity muscle contractions that can be uncomfortable for research participants. 468 
Performing neurophysiological evaluations at a lower intensity may increase the tolerability of 469 
TMS procedures in some post-stroke participants and increase participation in these types of 470 
studies. 471 
 472 
This methodology describes the process for measuring the corticomotor response to single-pulse 473 
TMS. However, paired-pulse paradigms can also be collected in the standing position. Short-474 
latency intracortical inhibition (SICI) and intracortical facilitation (ICF) use two TMS pulses 475 
delivered by the same coil with interstimulus intervals of 2 and 10 ms, respectively24. These 476 
intracortical measures can provide additional details on the neurophysiological state/behavior of 477 
the nervous system during standing compared to motor thresholds alone. 478 
 479 
As with all scientific methods, there are limitations to the current protocol. An important item to 480 
consider is that individuals with post-stroke hemiparesis do not perform activities in the same 481 
manner as neurologically intact groups. People in the chronic phase post-stroke have usually 482 
developed compensatory strategies to perform physical tasks25,26, which extends into 483 
maintaining an upright posture. Even with equal/symmetrical weight-bearing between the 484 



 

paretic and non-paretic limbs, post-stroke participants may not be in a symmetrical upright 485 
posture. Standardizing foot positions on the force plate may help curb this limitation. Another 486 
limitation is that recent investigations have suggested recording more than 10 motor-evoked 487 
potentials27, due to the known variability in the CMR. In this investigation, we chose to record 488 
only 10 test pulses to reduce participant burden while standing. As mentioned previously, this 489 
protocol was well-tolerated/performed by individuals who have the ability to stand 490 
independently for at least 10 min. This fact may limit the use of this protocol in high/severe 491 
disability levels post-stroke or in individuals with orthopedic limitations. 492 
 493 
Neurophysiological assessment methods of the lower extremities, and especially in 494 
neurologically impaired populations, have yet to receive much consistency within the literature. 495 
When posture and walking-specific impairments and/or lower extremity rehabilitation are the 496 
primary focus, there is no consensus on the best method to use. For instance, comparisons 497 
between resting, active, and standing measures and how these measures relate to clinical 498 
disability have not been fully investigated. Most researchers would agree that the double-cone 499 
coil is the most appropriate device to use to stimulate the lower extremity cortical 500 
representations. Outside of this parameter, much of the lower extremity TMS studies are done 501 
to individual research groups’ standards. The lack of consistency between research groups 502 
increases the difficulty in performing larger meta-analytical assessments needed to extend the 503 
generalizability of research findings. In this protocol, we provide a basis for lower extremity TMS 504 
procedures that can be used in studies investigating postural and walking-specific motor control 505 
and neurorehabilitation post-stroke. 506 
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Study ID Age
Months

post Stroke
Sex Race Type of Stroke

Stroke

Hemisphere

Height

(cm)

1 67 28.7 M C Intracerebral Hemorrhage Right 180

2 84 55.8 F C Ischemic Right 165

3 56 262.7 F C Subarachnoid Hemorrhage Left 152

4 67 141.8 M C Intracerebral Hemorrhage Right 180

6 48 21.6 M C Intracerebral Hemorrhage Right 170

7 58 93.9 M C Acute Ischemic Left 168

8 71 55.3 F AA Acute Ischemic Left 170

9* 65 23.7 M C Acute Ischemic Right 178

10 70 26.6 M C Acute Ischemic Left 173

12 70 10.0 M C Acute Ischemic Left 170

13 65 80.6 M C Acute Ischemic Right 185

14 79 83.0 M C Acute Ischemic Right 175

15 51 54.4 M AA Acute Ischemic Left 178

17 65 18.5 M C Acute Ischemic Right 170

18 63 48.8 F AA Acute Ischemic Right 170

19 58 25.9 M C Acute Ischemic Both 183

* Participant removed from data analysis due to inability to complete required assessments

AFO = ankle foot orthortic
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Weight

(kg)

Self-Selected 

Walking Speed 

(m/s)

Walking

Aid

74.8 0.61 None

68.0 0.94 None

59.0 1.29 None

72.6 0.27 Cane / AFO

61.2 0.83 None

112.5 0.77 Quad Cane / AFO

68.0 1.05 None

84.8 - Knee Brace

78.9 0.81 None

86.2 1.11 None

139.7 0.93 Cane / Crutch

88.5 0.48 Cane

90.7 1.35 None

74.8 0.28 Cane

83.9 1.12 None

88.5 1.10 None



Yes No Total %

Yes 38 1 39 65

No 16 5 21 35

Total 54 6 60

% 90 10 100
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We would like to thank the reviewers for their comments and suggestions. We believe we have 
addressed the identified shortcomings of the previous version. Below are our responses to the 
reviewers' and editor's concerns. 

 
Editorial comments: 
1. The editor has formatted the manuscript to match the journal's style. Please retain and use the 
attached file for revision. Done 
2. Please address all the comments marked in the manuscript. All comments have been addressed and 
most are accompanied with explanations. 
3. Please ensure the protocol is a set of instructions on how to perform the procedure in the imperative 
tense. Please ensure that the steps are written in the order. Several parts of the manuscript have been 
rewritten and the order has been altered as requested. 
4. Please note that your protocol will be used to generate the script for the video and must contain 
everything that you would like shown in the video. Please add more details to your protocol steps. 
Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add 
references to published material specifying how to perform the protocol action. Please add more 
specific details (e.g., button clicks for software actions, numerical values for settings, etc) to your 
protocol steps. There should be enough detail in each step to supplement the actions seen in the video 
so that viewers can easily replicate the protocol. We have added additional language with an imperative 
tense and physical actions to address this comment. 
5. Please proofread the manuscript well. The manuscript has been proofread multiple times and has 
been checked by several grammatical error-checking programs.  
 
____________________________________ 
Reviewers' comments: 
Reviewer #1: 
The authors have addressed all my comments. No further issues remain. The manuscript is ready for 
publication. 
 
 
Reviewer #3: 
Manuscript Summary: 
This study provides a TMS procedure to assess the lower limb in standing position which is a choice for 
researchers who would like to explore cortico-motor response of the lower limb in individuals post-
stroke with moderate motor impairments. 
 
Major Concerns: 
This is a very good demonstration, however there are few points that need to be addressed. 
-For force plate, "If the participant unloaded more than 10% of their body weight off their legs the 
background screen color would change as shown in Panel C." Why did the authors choose this 10% cut-
point ? Any difficulty with those who needed gait-aid? And also less than 5% unequally weight shifted is 
probably quite hard for those who have moderate to severe motor deficit. Do you have any suggestions 
for further study? We selected a loading/unloading of +/- 5% for a range of 10%. This has been clarified 
in the manuscript. We chose +/- 5% of BW because preliminary unpublished data from our laboratory 
shows that loading >10% of BW onto the upper extremities during standing leads to small significant 
changes in the corticomotor response in a healthy population. We have also added the GRF data to the 
manuscript and reported the average amount of loading during the administration of the TMS pulses 
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was +0.44% of body weight (SD -1.81%BW, min -3.59%BW, max +4.22%BW). This signifies an average 
loading/unloading of body weight during application of the TMS pulses was less than half of one percent 
of body weight. The small additional forces are likely due to the investigator push/holding the coil onto 
the participants’ heads.  

The collected data showed an average distribution of weight of 50% (SD 6%) of body weight. However, 
as the reviewer points out some individuals did have difficulty. Unfortunately, we did not assess 
perceived effort to maintain symmetrical weight distribution so we are unable to quantify the difficulty. 
One thing we did observe was that while weight was equally distributed participants did not stand 
symmetrically. We have added procedures to standardize foot placement and suggest this be performed 
in the future. We propose to do this using masking tape placed on the force plate to identify the 
foremost and medial borders of the feet. This may help eliminate a staggered stance and be more 
readily repeatable over multiple sessions. We have added GRF showing equal weight distribution to the 
manuscript. 

-Motor thresholds were measured in four separate muscles (paretic and non-paretic, TA and SOL). The 
reported results were related to which muscles and which side? The results from four separate muscles 
should be reported. The motor thresholds for each muscle and in each condition are presented in Figure 
3 which was added after the first round of reviews. This figure shows all collected motor thresholds for 
all four muscles (paretic and non-paretic, TA and SOL).   
 
-The standing position resulted in generally lower motor thresholds compared to thresholds measured 
in sitting, but not significant differences. This should be discussed in the discussion part. In the revised 
manuscript we state “individuals who presented with measurable motor thresholds in the sitting and 
standing position had lower measured thresholds in the standing position (N=38, Standing MT 45 %MSO 
SD 9, Sitting MT 53 %MSO SD 11, Paired T-statistic 4.99, P < 0.001).” We removed the comparisons 
between all standing and sitting motor thresholds and only report the paired t-test results as suggested 
by a previous reviewer. 

 


