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Author Questionnaire:

1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)  No 
Can you record movies/images using your own microscope camera? (Y/N) N/A
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.

2. Does your protocol include software usage? (Y/N) No
If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.

3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot. (You do not need to include steps that will be screen captured. Please do not list entire sections.)
Authors, please answer this question with the steps listed here in the Protocol section below for use by the videographer.
The most important steps for this methodology involve 1) Verification that the EMG signal is as clear as possible of background noise (3.7); 2) the location of the “hotspot” via a grid for each muscle on each side of the body (4.6); 3) Using the PEST (threshold hunting) algorithm to determine the resting motor threshold, minimizing the number of stimulations required to complete this element (4.8); 4) analyzing both amplitude AND latency for each muscle on each side (4.10).
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.)
Authors, please answer this question with the steps listed here in the Protocol section below for use by the videographer.
The most difficult of the methodology is actually determining an MEP, especially in individuals post-stroke (4.4). Many reports describe using an active condition of unknown percentage of maximum activation to elicit the MEP. This greatly affects the results as the MEP is scaled to the background noise, and active stimulations cannot be compared to resting stimulations.

5. Will the filming need to take place in multiple locations? (Y/N) Yes
If yes, how far apart are the locations? 
All of the locations are in the same building. We have reserved a conference room for interviews, which is on the same floor as the Functional Neurostimulation Laboratory.

Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.

1. REQUIRED Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

Why is your protocol significant? OR What key questions can this method help answer? 

1.1. Mark Bowden:  This protocol is critically important because it standardizes an approach for the very difficult task of detecting Motor Evoked Potentials in the distal lower extremity muscles.

1.2. Mark Bowden: The main advantage of this technique is that it consolidates the literature associated with lower extremity stimulation which often focuses on the tibialis anterior and uses a variety of techniques.


OPTIONAL Interview Statements: (Said by you on camera)  - All interview statements may be edited for length and clarity.

1.3. Steve Kautz: We have studied this technique in neurologically healthy individuals as well as those with stroke. However, the importance in the technique is standardizing lower extremity assessments.

1.4. Steve Kautz: The technique allows for the opportunity to identify the gaps in our understanding of motor control during gait, and revisits research that did not allow for the control of interfering factors.

1.5. Steve Kautz: This technique is specific to assessment of distal lower extremity motor-cortical responses, but could be applied to other populations and adapted for stimulation of other motor cortical areas. 


Introduction of Demonstrator: (Said by you on camera)

1.6. Author Name: Mark Bowden:  Demonstrating the procedure will be John Kindred, PhD, a Post Doctoral scholar, and Brian Cence, a research coordinator, both from our laboratory. 
1.6.1. Interview style: Author saying the above 
.



Ethics title card: (for human subjects or animal work, does not count toward word length total)

1.7. Procedures involving human subjects have been approved by the Institutional Review Board (IRB) at the Medical University of South Carolina.

Section - Protocol
2. MRI and Preparation of the Neuronavigation System
2.1. Begin by uploading the subjects’ MRI files into a neuronavigation system [1]. Then, manually co-register the MRI to anterior and posterior commissures, so that the Montreal Neurological Institute atlas can be used [2].
2.1.1. MED over shoulder: Talent at the neuronavigation system loading files 
2.1.2. Screencapture: co-registration being performed. 
2.2. Next, reconstruct the skin and full curvilinear brain model by adjusting the bounding box around the skull and brain tissue. Identify four anatomical landmarks using the skin model including the tip of the nose, nasion, and supratragic notch of the right and left ear [1]. 
2.2.1. Screencapture: Show adjusting the bounding box to the four anatomical landmarks using the skin model. 
2.3. Now place a rectangular grid over the leg motor area in each hemisphere [1]. Position the centered row of the grid at the center and over the gyrus of the leg motor cortical area. Then position the medial column of the grid parallel and adjacent to the medial wall of the ipsilateral hemisphere [2].
2.3.1. MED: talent places the grid (initial placement) 
2.3.2. Screencapture: Show the rectangular grid being placed, then the centered row is positioned, then the medial column is positioned.   
2.4. This grid will be used to find the hot spot. For motor mapping, use larger grids either by adding more spots or increasing the distance between spots as needed [1]. 
2.4.1. MED: Another shot of talent positioning the grid. 

3. Subject Preparation and Placement
3.1. Perform placement of electrodes while the subject is in a standing position [1]. First, prepare the areas where each electrode will be placed by first shaving and then lightly exfoliating any dead skin cells and oils using alcohol swabs [2]. 
3.1.1. WIDE: subject is standing as talent begins placement. 
3.1.2. MED: Subject is standing as talent shaves one of the areas, then uses an alcohol swab lightly as described above. 
3.2. Next ask the subject to lift their toes upwards and then place the electrode at the upper third of the line between the head of the fibula and medial malleolus [1-TXT]. Do this bilaterally for placement on the tibialis anterior [2].
3.2.1. MED: Subject lifts their toes upwards, then talent places the electrode on the muscle belly immediately lateral to the tibial crest.  TEXT: If individuals with stroke are not able to do this safely without support, they may utilize an assistive device, or this step may be completed in sitting
3.2.2. MED: talent places the electrode on the other side. 
3.3. Now attach electrodes bilaterally on the lateral soleus. Ask the subject to raise their heel [1] and then place the electrode at the lower third of the line between the lateral femoral condyle and lateral malleolus below the gastrocnemius muscle belly [2].
3.3.1. Talent speaks to the subject and then they raise their heel. 
3.3.2. Talent places the electrode as described above. 
3.4. Also attach the ground reference passive electrode either on the patella or lateral malleolus bilaterally or unilaterally depending on the EMG acquisition unit in use [1]. 
3.4.1. MED: Talent places the passive electrode unilaterally on the patella.
3.5. Test the electrodes’ placement by asking the subject to either dorsiflex or plantarflex the ankle in an upright posture [1] while displaying the raw EMG signal of all muscles tested on a computer screen [2].
3.5.1. MED: Talent speaks to the subject and then the subject flexes their foot. 
3.5.2. MED over shoulder: checks for clear visually detectable EMG bursts. 
3.6. If an electrode is misplaced, remove and replace it until clear detectable EMG bursts with minimal background noise are seen [1].  Then with the subject seated with their muscles at rest, test the signal quality by discharging a few TMS pulses while the coil is held away from the subject [2]. 
3.6.1. MED: Talent removes and replaces an electrode.
3.6.2. MED: With the subject seated and resting: Talent discharges the TMS coil while it is held away from the subject. 
3.7. Next, check that the baseline signal for each EMG channel is close to zero [1] If noise is present in a channel, remove the corresponding electrode and repeat the skin preparation procedures [2]. If the noise is still present, adjust the reference electrode’s position and replace the electrolyte gel [3].
3.7.1. MED over shoulder: Talent checks the EMG channel for noise. (Editor: I didn’t move the critical statement in the document because I did not want to throw off all the other shotlist numbering. However, the Critical Statement interview statement goes here)
3.7.2. MED: talent removes an electrode and begins repeating the skin prep procedure. 
3.7.3. MED: talent adjusts the reference electrode’s position and replaces the electrolyte gel.
3.7.4. (NOTE: critical step interview statement goes here)
3.8. Once a good signal is verified, wrap all electrodes using light foam pre-wrap tape to hold them in place and to reduce motion artifact from the EMG [1]. 
3.8.1. Talent wraps electrodes in pre- wrap.
3.9. Now seat the subject in a chair, and to ensure consistent feet placement across subjects, secure both feet in walking boots [1] that allow the ankle range of motion to be adjusted to a specific position and provide resistance during tonic voluntary activation [2]. 
3.9.1. WIDE: with the subject in a chair, talent secures one of the subject’s feet in the boots
3.9.2. MED: talent secures the subjects other foot. 
3.10. Also adjust both hip and knee angles to avoid subject discomfort [1], and instruct the subject to remain still throughout the experiment [2].
3.10.1. Talent helps the subject adjust hip and knee angles.
3.10.2. Talent speaks to them asking them to remain still, and the subject nods.

4. TVA Testing, Neuronavigation System Registration, and TMS
4.1. Begin tonic voluntary activation testing by first determining the maximum voluntary isometric contraction of each muscle bilaterally [1]. For each motion, instruct the subject to maximally contract the contralateral examined muscle 4 times [2]. 
4.1.1. WIDE: talent tests the maximum voluntary isometric contraction of one of the muscles. 
4.1.2. MED: The subject maximally contracts the contralateral examined muscle 4 times.
4.2. Next verify the position of the motion capture camera by placing the subject tracker, pointer, and the coil tracker in its capture volume space [1]. Then perform the subject-image registration by placing the tip of the pointer on the 4 anatomical landmaks [2].
4.2.1. WIDE: Talent moves the the subject tracker, pointer, and the coil tracker into the space. 
4.2.2. MED: talent performs the registration by placing the pointer on the landmarks. 
4.3. Now determine the hot spot of both muscles bilaterally. First find the suprathreshold intensity by applying a single stimulus over the centered spot next to the interhemispheric fissure [1]. 
4.3.1. MED: Talent speaks to the subject, then puts the coil in place, then applies a single stimulus over the centered spot.
4.4. Next, start at low intensity and gradually increase the TMS intensity by 5 percent increments, until reaching an intensity that elicits a motor evoked potential [1] with a peak-to-peak amplitude greater than 50 microvolts in all contralateral examined muscles for 3 consecutive stimuli and repeat for each muscle [2].
4.4.1. MED: Talent applies a pulse then increases the intensity by 5 percent, then applies another pulse.
4.4.2. MED: talent looks at a MEP on the screen with peak-to-peak amplitude greater than 50 µV. 
4.5. After each stimulus, determine whether a Motor Evoked Potential has been elicited based on both the raw waveforms and peak-to-peak amplitudes for all examined muscels [1].
4.5.1. MED: Immediately after delivering a pulse, talent looks at the raw waveforms and peak-to-peak amplitudes for a different muscle (not the muscle in the previous shot).  
4.6. Apply one TMS pulse on each spot of the grid [1]. Then, transfer the amplitude values of each spot for all contralateral muscles in a spreadsheet and sort amplitude from high to low [2]. 
4.6.1. MED: Talent finished up applying a couple pluses while refrencing the grid on the screen. 
4.6.2. SCREEN: show the spreadsheet being sorted: amplitude from high to low.
4.7. Identify the hot spot of the contralateral tibialis anterior and soleus muscles as the location in the grid with the largest amplitude and the shortest latency [1]. Select the grid spot in the neuronavigation system that corresponds to one of the muscle’s hot spots [2].
4.7.1. MED over the shoulder: talent points to this location on the grid. 
4.7.2. SCREEN: the grid spot is selected in the neuronavigation system. 
4.8. Next, set the initial intensity and step size at 45 and 6 percent maximum stimulator output [1], then use an adaptive threshold-hunting method for resting motor threshold determination. [2].  Do this twice for each muscle and use the average for the subsequent corticomotor response assessment [3]. 
4.8.1. MED: telent sets the initial intensity and step size at 45 and 6 percent MSO. 
4.8.2. WIDE/TXT: talent uses the adaptive threshold-hunting method. TEXT: https://www.clinicalresearcher.org/software.htm
4.8.3. MED: talent again performs the adaptive threshold-hunting method for another one of the muscles.
4.9. Now, to assess bilateral corticomotor response during rest, select the grid spot in the neuronavigation system that corresponds to the examined muscle’s hot spot. [1].
4.9.1. MED over shoulder: Talent selects the grid spot in the neuronavigation system.
4.10. Prior to each stimulus, instruct the subject to stay still and relax the examined muscles bilaterally and monitor the activity of all muscles using a real time visual feedback [1]. Apply 10 single TMS pulses at 1.2 percent resting motor thershold of the examined muscle [2].
4.10.1. MED:  Talent speks to the subject asking them to relax, then applies a pulse and looks at the montior displaying real time visual feedback. 
4.10.2. WIDE: talent applies more pulses using real time visual feedback.
4.11. If any muscle is active before or after TMS, discard that trial and apply an additional single pulse [1]. Repeat this until 10 waveforms for each contralateral examined muscle at rest have been collected [2]. 
4.11.1. MED: talent makes a note in the research log not to analyze the stimulus, then applies another pulse
4.11.2. MED: talent applies more pulses; and we see the waveforms on the monitor as the pulses are applied. 
4.12. Next, assess the corticomotor response during tonic voluntary activation bilaterally.  Select the same grid spots in the neuronavigation system that were used during resting conditions [1].
4.12.1. MED: talent selects the grid spots in the neuronavigation system.
4.13. Ask subjects to contract the examined muscle at approximatley 15 percent maximum muscle activity value and apply 10 single TMS pulses at 1.2 percent resting motor threshold [1]. Ask them to keep the displayed smoothed moving line of the examined muscle within the two horizontal cursors, and to sustain that contraction at that level for few seconds [2].
4.13.1. WIDE: talent speaks to the subject (asking them to contract the examined muscle) and then applies a pulse.
4.13.2. MED: the subject looks at the displayed smoothed line of the examined muscle and tries to keep it within the two horizontal cursors. 
4.14. When tibialis anterior is the examined muscle, ask subjects to pull slightly up against the bootstraps for the leg contralateral to stimulated hemisphere [1]. When soleus is the examined muscle, ask subjects to push slightly down against the boot on the contralateral leg [2].
4.14.1. MED: subject pulls slightly up against the bootstraps. 
4.14.2. MED: subject pushes slightly down against the boot.
4.15. Monitor the muscle activity of the active and resting muscles using real time visual feedback [1]. If the examined muscle’s activity is below or above the predetermined range, or if any other muscle is activated, discard the stimulus and apply an additional single pulse [2]. Collect 10 trials while the examined muscle is activated at the predetermined range [3]. 
4.15.1. MED over the shoulder: Talent monitors the muscles using real time visual feedback
4.15.2. MED: talent sees a muscle out of range, then makes note not to analyze the stimulus. 
4.15.3. WIDE/BROLL: talent applies TMS pulses for one of the muscles (additional broll here of TMS application in case this is needed anywhere above)



Fill in the details below based on the instructions above for the “Critical Step Statement”
Mark Bowden, Step 3.7: 
The most crucial step in the technique is verifying that the EMG signal is as clear of noise as possible. Failure to do this adequately makes data analysis incredibly difficult.


Section – Results
5. Results: TMS of Tibialis Anterior and Soleus
5.1. This figure shows bilateral Tibialis Anterior and Soleus Hot Spots [1]. Here, bar plots present the mean Resting Motor Threshold of two assessments for each muscle, while the values below denote the number of stimuli applied. The dashed line indicates the intensity used for the hot spot hunting [2]. 
5.1.1. LM: Figure 2: JoVE video editor: show the top portion with the brain only. Then, when “hot spots” is spoken, the green and orange stars on each side of the brain are highlighted. 
5.1.2. LM: Figure 2: JoVE video editor: the bar plots now appear under the brain hemispheres. When “mean Resting Motor Threshold” is spoken, highlight the open white circles. Then, when “dashed line” is spoken, indicate the dashed line. 
5.2. This figure shows the bilateral responses of Tibialis Anterior and Soleus when their hot spot was stimulated during rest. The bilateral EMG average waveform of each muscle is shown. If a Motor Evoked Potential was present, the values of the peak-to-peak amplitude and latency are presented [1].
5.2.1. LM: Figure 3: JoVE video editor: when “Tibialis Anterior” is spoken, highlight the orange lines. when “Soleus” is spoken, highlight the green lines. When “Motor Evoked Potential” is spoken, highlight the MEP: v above the lines where present (note some have an x, do not highlight these.)
5.3. Here we see bilateral responses when the hot spots were stimulated during tonic voluntary activation.  The EMG of the bilateral muscles were collected while the examined contralateral muscle was activated at about 15 percent maximum voluntary isometric contraction [1]. 
5.3.1. LM: Figure 4.  JoVE video editor: When “responses” is spoken, highlight the MEP: v above the lines where present. 



Section - Conclusion
6. Conclusion Interview Statements: (Said by you on camera) - All interview statements may be edited for length and clarity.

6.1. Steve Kautz: Additional analyses can be conducted to help answer questions regarding the corticospinal tract post stroke, since data in this protocol is collected in agonist and antagonist muscle groups bilaterally. 
6.2. Mark Bowden: Research continues using this technique to determine the individual contributions of multiple factors to corticomotor responses, in order to increase our overall understanding of the motor control of walking.
6.3. Mark Bowden: It should be noted that there are risk factors due to the high magnetic field that should be accounted for by screening subjects prior to this procedure.

JoVE video editor:  At the conclusion of the video please show the LM logos for NM4R and COBRE. With TXT: This work is funded by The National Center of Neuromodulation for Rehabilitation and The Center of Biomedical Research Excellence in Stroke Recovery. 
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