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SUMMARY:

The present protocol describes the simultaneous, bilateral assessment of the corticomotor
response of the tibialis anterior and soleus during rest and tonic voluntary activation using a
single pulse transcranial magnetic stimulation and neuronavigation system.

ABSTRACT:

Distal leg muscles receive neural input from motor cortical areas via the corticospinal tract, which
is the main motor descending pathway in humans and can be assessed using transcranial
magnetic stimulation (TMS). Given the role of distal leg muscles in upright postural and dynamic
tasks, such as walking, a growing research interest in the assessment and modulation of the
corticospinal tracts relative to the function of these muscles has emerged in the last decade.
However, methodological parameters used in previous work have varied across studies making
the interpretation of results from cross-sectional and longitudinal studies less robust. Therefore,
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use of a standardized TMS protocol specific to the assessment of leg muscles’ corticomotor
response (CMR) will allow for direct comparison of results across studies and cohorts. The
objective of this paper is to present a protocol that provides the flexibility to simultaneously
assess the bilateral CMR of two main ankle antagonistic muscles, the tibialis anterior and soleus,
using single pulse TMS with a neuronavigation system. The present protocol is applicable while
the examined muscle is either fully relaxed or isometrically contracted at a defined percentage
of maximum isometric voluntary contraction. Using each subject’s structural MRI with the
neuronavigation system ensures accurate and precise positioning of the coil over the leg cortical
representations during assessment. Given the inconsistency in CMR derived measures, this
protocol also describes a standardized calculation of these measures using automated
algorithms. This protocol is not conducted during upright postural or dynamic tasks. However,
this protocol can be used to assess bilaterally any pair of leg muscles, either antagonistic or
synergistic, in both neurologically intact and impaired subjects.

INTRODUCTION:

The tibialis anterior (TA) and soleus (SOL) are ankle antagonistic muscles located in the anterior
and posterior compartment of the lower leg, respectively. Both muscles are uniarticular, while
the main function of TA and SOL is to dorsiflex and plantarflex the talocrural joint, respectively®.
Furthermore, TA is more functional for long muscle excursions and less important for force
production, whereas SOL is an antigravity muscle designed to generate high force with small
excursion of the muscle?. Both muscles are especially relevant during upright postural and
dynamic tasks (e.g., walking)>*. Regarding neural control, the motor neuron pools of both
muscles receive neural drive from the brain via the motor descending pathways>®, in addition to
varying degrees of sensory drive.

The main motor descending pathway is the corticospinal tract, which originates from the primary
and supplementary motor areas and terminates in the spinal motor-neuron pools’2. In humans,
the functional state of this tract (corticomotor response — CMR) can be feasibly assessed using
transcranial magnetic stimulation (TMS), a non-invasive brain stimulation tool®'°, Since the
introduction of TMS and given their functional significance during upright postural task and
walking, CMR of TA and SOL have been assessed in various cohorts and tasks!'-32,

In contrast to the assessment of CMR in upper-extremity muscles33, no universal TMS protocol
has been established for the assessment of CMR in lower-extremity muscles. Due to the lack of
an established protocol and the large methodological variability across the previous studies (e.g.,
type of coil, use of neuronavigation, level of tonic activation, testing side and muscle, use and
calculation of CMR measures, etc.), the interpretation of results across studies and cohorts can
be cumbersome, complicated, and inaccurate. As the measures are functionally relevant in
various motor tasks, an established TMS protocol specific to lower extremity CMR assessment
will allow motor neuroscientists and rehabilitation scientists to systematically assess the CMR in
these muscles across sessions and various cohorts.

Therefore, the objective of this protocol is to describe the bilateral assessment of TA and SOL
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CMR using single pulse TMS and neuronavigation system. In contrast to previous work, this
protocol aims to maximize rigor of the experimental procedures, data acquisition, and data
analysis by employing methodological factors that optimize the validity and duration of the
experiment, and standardize the CMR assessment of these two lower extremity muscles. Given
that the CMR of a muscle depends on whether the muscle is fully relaxed or is partially activated,
this protocol describes how the TA and SOL CMR can be assessed during rest and tonic voluntary
activation (TVA). The following sections will thoroughly describe the present protocol. Finally,
representative data will be presented and discussed. The protocol described here is derived from
that in Charalambous et al. 201832,

PROTOCOL:

All experimental procedures presented in this protocol have been approved by the local
Institutional Review Board and are in accordance with the Declaration of Helsinki.

1. Consent Process and Safety Questionnaires

1.1. Prior to any experiment, explain to each subject the aim of the study, the main experimental
procedures, and any potential risk factors associated with participating in the study. After
answering any questions or concerns that subjects may have, ask subjects to acknowledge the
consent process and sign the informed consent form.

1.2. Administer MRI** and TMS?® safety-screening questionnaires to ensure subjects’ safety and
qualification for both MRI and TMS testing. Exclude all subjects who don’t meet all safety criteria
from both MRI and TMS assessments.

2. MRI and Preparation of the Neuronavigation System

2.1. Administer the MRI assessment prior to TMS assessment2, Have subjects lie in a supine
position with a cushion placed under their knees to ensure a comfortable posture. Instruct
subjects to keep still in the scanner.

2.1.1. Provide ear protection to the subjects to attenuate the loud noise of the scanner.
Preferentially use ear plugs over ear muffs due to the use of bilateral supratragic notch for
subject-image registration in the neuronavigation system (see 5.2).

2.1.2. Obtain high-resolution T-1 weighted anatomical brain images (minimum requirements: 1
mm slice thickness and full brain and cerebellar coverage), either as NFTI or DICOM files. Ensure
that nose is fully included in the images due to the use of subject’s tip of the nose for subject-
image registration in the neuronavigation system (see 5.2).

2.2. Upload MRI files into a neuronavigation system. Co-register manually each subject’s MRI to
anterior and posterior commissures, so the subject’s MRI can be mapped using the Montreal
Neurological Institute atlas.
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2.2.1. Reconstruct the skin and full curvilinear brain model by adjusting the bounding box around
the skull and brain tissue, respectively. Identify four anatomical landmarks (tip ofthe nose, nasion
- bridge of the nose, and supratragic notch of the right and left ear) using the skin model (see
Figure 1A).

2.2.2. Place a rectangular grid over leg motor cortical area at each hemisphere (see Figure 1B).
Position the centered row of the grid at the center and over the gyrus of the leg motor cortical
area where the corticospinal tracts that innervate leg motor pools originate3. Position the medial
column of the grid parallel and adjacent to the medial wall of the ipsilateral hemisphere.

2.2.3. Use a cortex based approach in which error in orientation has a negligible effect on the
stimulation site3” instead of using a scalp based target approach in which any error in orientation
can alter the stimulation site. Use this grid to find the hot spot. For motor mapping, use larger
grids either by adding more spots and/or increasing the distance between spots (e.g., 10 mm).

3. Subject Preparation and Placement

3.1. Measure the electrophysiological responses by single pulse TMS using a total of 4 surface
EMG electrodes. For the preparation and placement of the electrodes, use published
guidelines3®3% and complete placement while the subject is in a standing position.

3.1.1. Prepare the area over which each electrode would be placed by shaving and lightly
exfoliating any dead skin cells and oils using alcohol swabs.

CAUTION: For subjects on blood thinners (e.g. people post-stroke), use caution during skin
preparation due to high risk of bleeding.

3.1.2. Attach electrodes bilaterally on TA. While in the standing position, ask subjects 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 (i.e., muscle belly immediately lateral to the tibial crest).

3.1.3. Attach electrodes bilaterally on the lateral SOL. While in the standing position, ask the
subject to perform heel raise and then place the electrode at the lower third of the line between
the lateral femoral condyle and lateral malleolus.

3.1.4. Attach the ground reference passive electrode either on the patella or lateral malleolus.
Depending on the EMG acquisition unit, place the ground electrodes either bilaterally or
unilaterally.

3.2. Test the electrodes’ placement and quality of the signal.

3.2.1. Test the electrodes’ placement (e.g., for clear visually detectable EMG bursts) by asking
the subject to either dorsiflex or plantarflex the ankle in an upright posture while displaying the
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raw EMG signal of all muscles tested on a computer screen. In the case of a misplaced electrode,
remove and replace it until there is clear visually detectable EMG bursts with minimal background
noise. An adequate signal to noise ratio is critical in detecting a motor response (> 50 V).

3.2.2. Test the quality of the signal (e.g., for baseline noise) by discharging the TMS units for a
few times while the TMS coil is held away from the seated subject and with the muscles at rest.
Check that the baseline signal for each EMG channel is close to zero (i.e., the peak-to-peak
amplitude should be less than 50 pV and there is no baseline noise, such as 50 or 60 Hz power
line hum). If baseline noise is present in a channel, remove the corresponding electrode and
repeat the skin preparation procedures. If the noise is still present (i.e., peak-to-peak amplitude
> 50 pV), adjust the reference electrode’s position and replace the electrolyte gel .

3.3. Secure all electrodes using light foam pre-wrap tape. Periodically throughout the
experiment, check to ensure that electrodes are securely attached and that the signal has good
quality.

3.4. Seat the subject in a chair. To ensure consistent feet placement across subjects, secure both
feet in walking boots (i.e., ankle foot orthosis) that allow the ankle ROM to be adjusted to a
specific position and provide resistance during TVA testing. Adjust both hip and knee angles to
avoid subject discomfort. Instruct the subject to keep still throughout the experiment. Use a
forehead rest attached to the chair to keep subjects still during TMS application, if available.

4. TVA Testing

4.1. Determine bilaterally the maximum voluntary isometric contraction (MVIC) of each muscle.
For each motion (i.e., dorsiflexion and plantarflexion), instruct subjects to maximally contract the
contralateral examined muscle (e.g., right TA) 4 times (~5 s contractions separated by 60 s of rest)
while subject is seated in the posture described above.

4.2. Calculate the maximum muscle activity value during each MVIC (i.e., the average within a
100 ms window centered around the maximum rectified and smoothed EMG) of the last three
trials, the average of the three values, and the 15% and 5% of each muscle’s average MVIC.

CAUTION: A larger % MVIC can be used, but it may not be feasible in clinical cohorts (e.g., people
post-stroke).

5. Registration in Neuronavigation System
5.1. Place the subject tracker, either a headband or glasses, with reflective markers on the
subject’s head at the opposite side from the stimulated hemisphere so the tracker does not

obstruct positioning of the coil during the stimulation of each grid spot.

CAUTION: In the case that a headband is used, ensure that it is snug on subject’s head, yet not
overly tight because it may cause a headache after an extended period of time.
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5.2. Verify the proper position of the motion capture camera by placing the subject tracker, the
pointer, and the coil tracker in its capture volume space. Perform the subject-image registration
by placing the tip of the pointer on the 4 anatomical landmaks (see Figure 1A).

5.3. Once all anatomical landmarks are sampled, verify whether registration occurred accurately
by placing the tip of the pointer on several spots over the subject’s skull (i.e., validation stage). If
the distance from the tip of the pointer to the reconstructed skin is less than 3 mm, proceed to
TMS experiment; otherwise, repeat the subject-image registration until the desired error values
are obtained. During the experiment, repeat registration if the subject tracker is accidentaly
moved.

6. TMS
6.1. Use the same methodological parameters during rest and TVA.

6.1.1. Apply single pulse stimuli on the optimal site (i.e., hot spot; see next paragraph for further
details) of the examined muscle. Apply reach stimulus randomly every 5-10 s to avoid stimulus
anticipation and to minimize the carry-over effects of the previous pulse to the subsequent one*°.

6.1.2. In case that two TMS units are simultaneously used, set the units at either the standard or
simultaneous mode*!. The standard mode applies a weaker pulse than a single unit, whereas the
simultaneous mode applies a stronger pulse than a single unit. The use of either one could be
based on the needs of the protocol and the total number of stimuli.

6.1.3. Use a double cone coil to induce a posteroanterior intracranial current. If necessary, use
the neuronavigation system to control the coil manually and correct its position in relation to the
desired stimulated spot prior to each stimulus.

6.1.4. Across sessions and subjects, randomize the order of the examined muscle and
hemisphere. Always administer the TVA condition after the rest condition to avoid any
interference with testing at rest (e.g., fatigue of the descending pathways due to TVA testing).

6.2. Determine bilaterally the hot spot of both muscles.

6.2.1. Find the suprathreshold intensity, which will be used during hot spot hunting, by applying
a single stimulus over the centered spot next to the interhemispheric fissure (see blue and red
squares in Figure 1B). Use this spot because it is located at the locus of the leg motor area3%42.

6.2.2. Start at low intensity (e.g., 30% maximum stimulator output; MSO) and gradually increase
the TMS intensity by 5% increments, until reaching the intensity that elicits a motor evoked
potential (MEP) with a peak-to-peak amplitude greater than 50 pV in all contralateral examined
muscles for 3 consecutive stimuli.
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6.2.3. Determine immediately after each stimulus whether a MEP has been elicited based on
both the raw waveforms and peak-to-peak amplitudes (search window: 20-60 ms post-TMS
onset) of all examined muscles.

6.2.4. Apply one TMS pulse on each spot of the grid (total 36 stimuli). After the completion of the
hot spot protocol, transfer the amplitude and latency values of each spot for all contralateral
muscles in a spreadsheet and sort amplitude from high to low and latency from low to high.
Identify the hot spot of contralateral TA and SOL as the location in the grid with the largest
amplitude and the shortest latency*3.

CAUTION: If the largest amplitude and shortest latency are not at the same spot, define the hot
spot using the largest amplitude.

6.3. Determine bilaterally each muscle’s resting motor threshold (RMT).

6.3.1. Select the grid spot in the neuronavigation system that corresponds to the examined
muscle’s hot spot.

6.3.2. Use an adaptive threshold-hunting method for RMT determination of the examined
muscles**. Set the initial intensity and step size at 45 and 6% MSO, respectively®2. Run the RMT
hunting twice for each muscle and use the average for the subsequent CMR assessment.

6.4. Assess bilaterally TA and SOL CMR during rest.

6.4.1. Select the grid spot in the neuronavigation system that corresponds to the examined
muscle’s hot spot. Apply 10 single TMS pulses at 1.2 RMT of the examined muscle.

6.4.2. 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 displaying on
a computer screen. In case any muscle is active before or after TMS, discard that trial and apply
an additional single pulse. Repeat until 10 waveforms for each contralateral examined muscle at
rest have been collected.

6.5. Assess bilaterally the TA and SOL CMR during TVA.

6.5.1. Select the grid spot in the neuronavigation system that corresponds to the examined
muscle’s hot spot.

6.5.2. Ask subjects to contract the examined muscle at 15% + 5% MVIC and apply 10 single TMS
pulses at 1.2 RMT. Instruct subjects to keep the smoothed moving line (root mean square
amplitude of 0.165 s) of the examined muscle, either TA or SOL, within the two horizontal cursors
(MVIC range: 15% * 5%) and sustain that contraction at that level for few seconds.

6.5.3. When TA is the examined muscle, ask subjects to pull slightly up against the bootstraps on
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their contralateral leg (i.e., the leg with the examined muscle contralateral to stimulated
hemisphere). When SOL is the examined muscle, ask subjects to push slightly down against the
boot on the contralateral leg.

6.5.4. Monitor the muscle activity of the active examined muscle and the remaining resting
muscles using a real time visual feedback display on a computer screen. Discard that stimulus
and apply an additional single pulse again in case the examined muscle’s activity is either below
or above the predetermined range or any other muscle is activated. Collect 10 trials while the
examined muscle is activated at the predetermined range.

7. Data Analysis

7.1. For all CMR measures except RMT, calculate the value of each measure from each MEP
sweep (the total duration should be at least 500 ms with minimum 100 ms pre-stimulus duration)
for all muscles and then average these 10 values to get a single value (i.e., mean)32. Amplitude
and cortical silent period (CSP) are proxy excitability measures of CMR, whereas latency is a proxy
connectivity measure of CMR. For both rest and TVA, normalize latency relative to each subject’s
height, as latency is influenced by distance to the examined muscle®.

7.2. Calculate MEP amplitude and latency during rest.

7.2.1. Calculate amplitude (uV) from the raw EMG as the largest difference between positive and
negative peaks (i.e., peak-to-peak) of the MEP. For these two particular muscles, search for peak-
to-peak within a time window of 20-60 ms after TMS onset.

CAUTION: Though the MEP search window of 20-60 ms may work for neurologically intact
subjects and people post-stroke, wider MEP search windows (e.g., 20-75 ms) might be required
for other neurological populations (e.g., multiple sclerosis).

7.2.2. Calculate latency (ms) from the rectified EMG as the time between TMS onset and MEP
onset (i.e., the time when a rectified EMG trace first crosses a predetermined threshold - mean
plus three standard deviations of the 100 ms pre-stimulus EMG)3246,

7.3. Calculate MEP amplitude, latency, and CSP during TVA.
7.3.1. Calculate amplitude (uV) from the raw EMG as the largest difference between positive and
negative peaks (i.e., peak-to-peak) of the MEP. For these two particular muscles, search for peak-

to-peak within a time window of 20-60 ms after TMS onset.

7.3.2. Calculate latency (ms) from the rectified EMG as the time between TMS onset and MEP
onset.

7.3.2.1. Calculate the MEP onset differently in TVA than in rest. Calculate MEP onset and offset
by finding the two time points that the rectified EMG trace crosses the predetermined threshold
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set to the level of 100 ms pre-stimulus mean EMG. Then, find the peaks that are at least greater
than the mean of the pre-stimulus EMG plus three standard deviations and between those two
time points. Then, search from the first peak to 50 data points (sampling rate of 5000 Hz) before
that peak for the time that the rectified EMG trace first crosses the threshold of the mean pre-
stimulus EMG. Define that time as the MEP onset32.

7.3.3. Calculate CSP (ms) from the rectified EMG as the time between the MEP offset and EMG
resumption (i.e., absolute CSP: exclusion of MEP duration)*’. Search from the last peak to 200
data points (sampling rate of 5000 Hz) after that peak for the time that the rectified EMG trace
last crossed the threshold of the mean pre-stimulus EMG; define that time as the MEP offset.
Then, calculate the resumption of baseline EMG, which is the time that the rectified EMG trace
last crosses 25% of the mean pre-stimulus EMG32,

REPRESENTATIVE RESULTS:

Figures 2-4 present data from a representative neurologically intact 31 year old male with height
and weight of 178 cm and 83 kg, respectively.

Figure 2 presents the bilateral hot spots and RMT of each ankle muscle. Using the spot located
on the center of the leg area in each hemisphere (see squares in Figure 1B), the intensity of 45%
MSO was bilaterally used for the hot spot hunting. The hot spot location for each muscle differed
between hemispheres, yet as anticipated all four hot spots were located in the leg motor cortical
areas. This finding indicates that TA and SOL may not share the same hot spot; therefore, CMR
of each muscle should be assessed using each muscle’s hot spot as opposed to using the same
hot spot for both muscles. Bilateral RMT was determined for each muscle, using an adaptive
threshold-hunting method. The number of stimuli applied for RMT determination ranged from 6
to 22 stimuli. The difference between the two RMT values of each muscle ranged from 1% to 3%
MSO. Combining these results suggests that using an adaptive threshold-hunting method can be
an efficient approach to determine the RMT of an ankle muscle with low variability. Furthermore,
all RMTs were lower than the intensity used for hot spot hunting (dashed line in Figure 2). This
finding indicates that using the spot located on the leg motor area (see squares in Figure 1B) to
determine a “true” suprathreshold intensity is feasible.

Figure 3 presents the bilateral responses of TA and SOL when the hot spot of each muscle was
stimulated during rest. For all bilateral stimulated hot spots, contralateral MEPs were elicited in
both TA and SOL. However, the responses and latencies were always larger and shorter in TA
than in SOL, respectively, regardless which muscle’s hot spot was stimulated. Ipsilateral
responses were present mainly in TA and when the stimulated hot spot was proximal to
interhemispheric fissure (see Figure: 2A — TA hot spot, 2B — both muscles hot spot). Conversely,
ipsilateral responses were absent in both muscles when the stimulated side was further lateral
from the interhemispheric fissure (>10 mm) (see Figure 2A — SOL hot spot).

Figure 4 presents the bilateral responses of TA and SOL when the hot spot of each muscle was
stimulated during TVA. As in rest, contralateral MEPs were elicited in both TA and SOL for all
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bilateral stimulated sites during a 15% + 5% MVIC. Only the examined muscle was activated;
therefore, the remaining three muscles were at rest. CSP was present only in the examined
activated muscle, both TA and SOL. As in rest, TMS over right TA and left SOL hot spots also
elicited ipsilateral responses; those responses were present only in the ipsilateral TA (see Figure
4A,D). Conversely, TMS over the right SOL and left TA hot spots elicited only contralateral MEPs.
Interestingly, late responses in contralateral SOL was present only when TA was activated; those
responses were present bilaterally, occurred between 80-100 ms post-TMS, and had larger
amplitudes than the MEPs (see 1 in Figure 4A,C ). These late responses with range 70-100 ms
post-TMS have previously been reported to be prevalent in SOL only with TA TVA (0-40%
MVIC)*849,

Both resting and TVA conditions were similar in that ipsilateral responses were elicited when
certain hot spots were stimulated. The presence of ipsilateral responses could potentially be the
result of stimulation of an oligosynaptic pathway (e.g., cortico-reticulo-spinal tract) or the spread
of the pulse’s current. An approach to distinguish between the two possible causes is to calculate
the difference in latency between the contralateral and ipsilateral responses. Previous TMS
studies have speculated that an ipsilateral response of > 3 ms delay relative to the contralateral
response is an ipsilateral MEP (iMEP), and the potential pathway could be the cortico-reticulo-
spinal tract (i.e., oligosynaptic pathway)°%->*. Conversely, any ipsilateral response with a shorter
delay might be the result of the pulse’s current; therefore, such a response may not be an iMEP.
During rest, ipsilateral responses had similar latencies as contralateral responses (see Figure 3A,
C and D). Thus, these responses were most likely not iMEPs, but were likely elicited due to the
spread of the pulse’s current applied adjacent to the interhemispheric fissure. When the right TA
and the left SOL were activated during TVA, ipsilateral responses were only elicited in the TA and
were delayed by > 3 ms compared to the contralateral response (see Figure 4A,D). These
responses might be iIMEPs, which may indicate stimulation of the cortico-reticulo-spinal tract. In
summary, ipsilateral responses are common when the leg motor area is stimulated®>; therefore,
caution should be taken when these responses are interpreted as iMEPs.

FIGURE AND TABLE LEGENDS:

Figure 1: Reconstructed Skin and Curvilinear Brain Models. (A) A skin model with four
anatomical landmarks (tip of the nose, nasion, and supratragic notch of the right and left ear) is
used to calculate the subject-image registration during the assessment by placing the tip of a
pointer on each landmark. (B) A 4 x 9 rectangular grid placed bilaterally over the leg motor
cortical area. Squares denote the spots used to determine the suprathreshold intensity used for
the hot spot hunting.

Figure 2: Bilateral TA and SOL Hot Spots and RMT. In both hemispheres, the star symbol denotes
the hot spot of each muscle. Bar plots present the mean RMT of two assessments (open white
circle) for each muscle, while the values below each circle denote the number of stimuli applied
to determine the RMT using an adaptive threshold-hunting method. The dashed line indicates
the intensity used for the hot spot hunting (45% MSQO). (A) Hot spots and RMTs of the
right/contralateral TA and SOL while TMS was applied over the left hemisphere. TA hot spot was
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over the leg motor area and proximal to the interhemispheric fissure whereas SOL hot spot was
10 mm lateral to TA hot spot. The number of stimuli used to determine TA and SOL RMT ranged
6-21 and 9-11, respectively. (B) Hot spots and RMTs of the left/contralateral TA and SOL while
TMS was applied over the right hemisphere. As in the left hemisphere, TA hot spot was over the
leg motor area and proximal to the interhemispheric fissure. SOL hot spot was 7.1 mm posterior-
lateral to TA hot spot. The number of stimuli used to determine TA and SOL RMT were in the
ranges 10-22 and 10-11, respectively.

Figure 3: Bilateral TA and SOL CMR Assessment - Rest. For the stimulation of each hot spot, the
EMG of the bilateral resting TA and SOL were collected while the average waveform of each
muscle is presented (total duration 500 ms; 100 ms pre-TMS). The V and X symbols denote that
MEP was either present (>50 pV) or absent (< 50 uV), respectively. In case of MEP’s presence, the
values of the peak-to-peak amplitude (uV) and latency (ms) are presented. (A) Stimulation of the
right/contralateral TA hot spot on left hemisphere. MEPs were elicited in both right/contralateral
ankle muscles, with right TA having larger amplitude and shorter latency than right SOL. Given
that the stimulated hot spot is located by the interhemispheric fissure and proximal to the leg
motor area on left hemisphere, MEP on the left/ipsilateral ankle muscles was also elicited (only
TA). (B) Stimulation of the right/contralateral SOL hot spot on left hemisphere. MEPs were
elicited only on the right/contralateral ankle muscles; however TA had larger MEP amplitude and
shorter latency than SOL. (C) Stimulation of the left/contralateral TA’s hot spot on right
hemisphere. MEPs were elicited in both left/contralateral and right/ipsilateral ankle muscles with
both TA having larger MEP amplitudes and shorter latencies than both SOL. This bilateral MEP
elicitation is mainly due to the location of the stimulated hot spot and suprathreshold intensity.
(D) Stimulation of the left/contralateral SOL hot spot on right hemisphere. MEPs were elicited in
left/contralateral ankle muscles and right/ipsilateral TA.

Figure 4. Bilateral TA and SOL CMR Assessment - TVA. For the stimulation of each hot spot, the
EMG of the bilateral TA and SOL were collected while the examined contralateral muscle was
activated at 15 £ 5% MVIC. The average waveform of each muscle is presented (total duration
500 ms; 100 ms pre-TMS). The V and X symbols denote that MEP was either present (>50 uV) or
absent (<50 uV), respectively. In case of MEP’s presence, the values of the peak-to-peak
amplitude (uV), latency (ms), and CSP (ms) are presented. (A) Stimulation of the
right/contralateral TA hot spot on left hemisphere. Right TA MEP was followed by CSP. MEP was
elicited in contralateral/right SOL in which a late response (1) was also elicited (amplitude: 563
uV; latency: 82.8 ms). MEP was also elicited in left/ipsilateral TA, whose latency is delayed by 5.2
ms compared to the right/contralateral TA’s latency. (B) Stimulation of the right/contralateral
SOL hot spot on left hemisphere. Right/contralateral SOL MEP was followed by CSP, and MEP was
also elicited in contralateral/right TA. No left/ipsilateral MEPs were elicited. (C) Stimulation of
the left/contralateral TA hot spot on right hemisphere. Left TA MEP was followed by CSP. MEP
was elicited in left/contralateral SOL in which a late response (1) was also elicited (amplitude:
465 pV; latency: 96.3 ms). No MEPs were elicited in right/ipsilateral muscles. (D) Stimulation of
the left/contralateral SOL hot spot on right hemisphere. Left SOL MEP was followed by CSP. MEPs
were elicited in left/contralateral SOL and right/ipsilateral TA, whose latency is delayed by 4.7 ms
compared to the left/contralateral TA’s latency. No MEP was elicited in right/ipsilateral SOL.
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DISCUSSION:

Given the emerging interest in how the motor cortex contributes to the motor control of leg
muscles during dynamic tasks in various cohorts, a standardized TMS protocol that describes the
thorough assessment of these muscles is needed. Therefore, for the first time, the present
protocol provides standardized methodological procedures on bilateral assessment of two ankle
antagonistic muscles, SOL and TA, during two muscle states (rest and TVA) using a single pulse
TMS with neuronavigation.

The findings described in the representative results section points out several critical steps which
should be considered. First, CMR assessment of these muscles, as well as other leg muscles,
should be conducted using a neuronavigation system in which each subject’s MRI should be used
and each muscle’s hot spot should be determined. Neuronavigation can guide precise TMS
stimulation over the target motor area, and when the subject’s MRI is used, the target motor
area can be stimulated accurately®®>’. Previous work examined the effects of using
neuronavigation during a TMS assessment of upper extremity muscles>®®; findings from those
studies were mixed. Yet, no study examined this effect for a lower extremity muscle. Given the
location of the motor cortical areas of TA and SOL (i.e., adjacent to the interhemispheric fissure
at approximately 3-4 cm below the scalp surface)364261 hunting for the “true” hot spot of each
muscle using a grid placed on each subject’s anatomy increases the probability of feasibly eliciting
an MEP in either muscle, especially in SOL. Using the same protocol presented here, we have
recently shown that MEPs were successfully elicited in both TA and SOL in nearly all subjects (N
= 21)%2. The second critical step is the bilateral assessment of each muscle. In contrast to upper
extremity motor areas, the two leg motor areas are adjacent to each other, and when a pulse is
applied over one area the opposite area might be stimulated due to current spread. Therefore,
any ipsilateral response in either muscle may indicate either the presence of an iMEP (a potential
proxy of cortico-reticulo-spinal pathway)>° or just a direct stimulation of the opposite leg motor
area. In the past, ipsilateral TA responses were reported, yet the stimulated site was based on
anatomical landmark (10 and 15 mm posterior and lateral to vertex)®2. Using this protocol, the
hot spot of each muscle can be determined separately, and depending on the hot spot’s location
either contralateral or bilateral responses can be elicited (see Figure 3 and Figure 4). Whether
the bilateral response is a result of multiple descending pathways or just stimulation of a single
pathway requires further investigation.

The present protocol can be modified depending on the research design. While single pulse TMS
is used in this protocol, paired pulse (test pulse is preceded by conditioning pulse)®3%* can also
be used to assess the intracortical networks of these two ankle muscles. Similarly, after hot spot
and RMT determination of each muscle, bilateral input-output curves of each muscle can be
acquired to assess the relationship between TMS intensity (input) and the MEP amplitude
(output). To assess the CMR of each muscle, 10 stimuli are applied on each hot spot during rest
and TVA, yet recent reports have suggested that more than 10 stimuli should be used to assess
reliably the CMR of a muscle®>%, Similarly, more than one stimulus per spot can be applied during
the hot spot hunting (e.g., 2-5 stimuli/spot) compared to a single stimulus per spot used in this
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protocol. By applying more than one stimulus per spot, the hot spot of each muscle might be
more reliably determined. Recent study suggested that as few as two stimuli per spot might be
sufficient for hot spot determination®’. Furthermore, compared to the most widely used
threshold hunting method, the relative frequency method®, which is based on the Rossini-
Rothwell criterion®7°, the adaptive threshold-hunting method is used in the present protocol.
Though the adaptive threshold-hunting method is more efficient (i.e., fewer stimuli are required
to determine RMT) than the relative frequency method, both methods share similar precision’?.
It is important to remember that all aforementioned modifications increases the total count of
stimuli applied. Lastly, the current protocol used the criterion of less than 50 uV peak-to-peak
amplitude to assess for baseline noise and for the “true” resting state. Discarding any EMG signal
greater than 10 pV (root mean square calculated over 100 ms) is an alternative approach.

This protocol has few methodological considerations. First, the assessment of these two muscles
is in a seated position, either during rest or TVA. As previously mentioned, both TA and SOL are
crucially important during upright postural tasks and walking. Although previous studies have
examined TA and SOL CMR during upright postural task!*727¢ and walking?%2277-79, the
assessment was only unilateral, and TMS was not guided by neuronavigation. Therefore, even if
the present protocol is not used during these tasks, it can still provide a non-invasive window
about the cortical drive of these two ankle muscles. Second, the active motor threshold (AMT)
was not determined because there is not a well established methodology for that measure. Given
that AMT is correlated with and is lower than RMT (~ 82%)%, MEP can be elicited during TVA
even when using a suprathreshold intensity of RMT. Third, use of structural MRI of each subject
with the neuronavigation system may not be feasible in all settings due to high cost of obtaining
MRI and the neuronavigation system. However, certain neuronavigation systems including the
one used in this protocol, can be used without subject’s MRI; but an average MRI is used. In this
case, the coil can be still precisely positioned over the stimulated site.

While previous work has examined TA and SOL CMR during various tasks in different cohorts, no
study used a standardized protocol that examined these two muscles bilaterally using
neuronavigation with each subject’s MRI. Use of each subject’s structural MRI combined with a
neuronavigation system promotes the accuracy and precision of stimulation of the motor cortical
representations of both muscles. This is crucially important for the leg motor cortical areas. Also,
given that the CMR of a muscle depends on whether the muscle is fully relaxed or is partially
activated, this protocol describes how the TA and SOL CMR can be assessed during rest and TVA.
Additionally, each hemisphere is stimulated while the bilateral CMR of each muscle is
simultaneously assessed. Furthermore, rather than using the same hot spot for assessing a single
muscle’s CMR, each muscle’s hot spot is determined using a standardized grid, which was laid
over the leg cortical representation, and is defined as the spot with the largest amplitude and
shortest latency®3. Though the relative frequency method is widely used to measure the motor
threshold of a muscle®, this protocol uses an adaptive threshold-hunting method to reduce the
experimental duration and total number of stimuli applied per session#*. Finally, to reduce the
duration of data analysis and to standardize the calculation of CMR measures, an automated data
analysis methodology is used.
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Future studies can use this protocol to further elucidate the cortical control of TA and SOL in both
neurologically intact and impaired cohorts. One such application of the present protocol is the
mapping of these two muscles. Though few studies examined the motor cortical area of TA3184,
only one study reported the motor cortical area of SOL from a single patient with focal cortical
dysplasia®>. A common characteristic that all these studies share is the use of the same
neuronavigated TMS system, which is different from the system used in this protocol. However,
this system is extremely expensive, and it is usually found in clinical settings such as hospitals. By
modifying the present protocol, future studies can systematically investigate and establish
normative data of cortical mapping measures for TA and SOL in neurologically intact adults. Such
findings will establish which motor mapping measures should be used to specifically quantify the
motor representations of each muscle. Another potential application of the present protocol is
the assessment of these two muscles before and after a surgery or an intervention (behavioral:
exercise; neurophysiological: repetitive TMS, transcranial direct current stimulation - TDCS) and
during the recovery period in athletic or clinical cohorts. This will allow rehabilitation scientists
to determine how a surgery or an intervention may alter the cortical drive of these two muscles.
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Item 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:

mStanda rd Access

Item 2: Please select one of the following items:

I:I Open Access

he Author is NOT a United States government employee.

The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (far the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Woarks or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in ltem 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding

the exclusive licerise granted to JoVE in Section 3 above, the -

Author shall, with respect to the Artscle, JTetain the non-
exclusive right to use all or part of the Artmle for the non-
* commercial purpose of giving Iectures, presentations or
teaching classes, and topost a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s capyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5 Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author herehy grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license {a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
72 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.5.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with

. such statute shall remain in full force and effect, and all

provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the

‘maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author's name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved hy the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author'’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author's expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US51,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
loVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
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Title:

Signature: W Date: g//(///g

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Faxthe document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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JoVES58944 **Bilateral assessment of the corticospinal pathways of the ankle muscles using
frameless stereotaxic transcranial magnetic stimulation,"

We thank the editor and the reviewers for their constructive and thoughtful
comments, which we believe have resulted in a significantly improved manuscript. We have
responded to editor’s and each reviewer’s comments below. Where appropriate, we refer to
sections in the revised manuscript. All changes in the manuscript are indicated using track
changes. We have highlighted the sections that will be recorded.

Response to Editor and Reviewers:

Editor:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

Response: We thank the editor for this reminder.

Action: We have thoroughly proofread the manuscript to ensure that there are no spelling
or grammar issues.

2. Please adjust the numbering of the Protocol to follow the JOVE Instructions for Authors. For
example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from
using bullets, dashes, or indentations.

Response: We thank the editor for this instruction.

Action: We have numbered correctly all sections.

3. Please add more details 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. 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. See examples
below:

In the JOVE Protocol format, “Notes” should be concise and used sparingly. They should only be
used to provide extraneous details, optional steps, or recommendations that are not critical to a
step. Any text that provides details (e.g., lines 103-109, 138-145, 204-207, 216-220, 225-231,
234-248, 254-262, 291-297, 309-318, 330-368, etc.) about how to perform a particular step
should either be included in the step itself or added as a sub-step. Please consider moving some
of the notes about the protocol to the discussion section.

Response: We apologize for any confusion.
Action: We have converted all the NOTES into steps.
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4. Lines 135: This step does not have sufficient details to replicate. Please provide more details.
Response: We apologize for any missing information.

Action: We have elaborated on this step.

“2.2.1 Reconstruct the skin and full curvilinear brain model by adjusting the bounding box
around the skull and brain tissue, respectively. Identify four anatomical landmarks (tip ofthe
nose, nasion - bridge of the nose, and supratragic notch of the right and left ear) using the skin
model (see Figure 14).”

5. Line 211: It is unclear how this is done.
Response: We apologize for the insufficient clarity of this step.

Action: We have added additional information to improve the clarity of this step.

“4.2 Calculate the maximum muscle activity value during each MVIC (i.e., the average within a
100 ms window centered around the maximum rectified and smoothed EMG) of the last three
trials, the average of the three values, and the 15 % and 5 % of each muscle’s average MVIC.”

6. Lines 251-262: Please break up into sub-steps.
Response: Thank you for the suggestion.

Action: Per editor’s recommendation, we broke up this section into sub-steps.

“6.2.1 Find the suprathreshold intensity, which will be used during the hot spot hunting, by
applying a single stimulus over the centered spot next to the interhemispheric fissure (see blue
and red squares in Figure 1B). Use this spot because it is located at the locus of the leg motor
area®®*,

6.2.2 Start at low intensity (e.g., 30 % maximum stimulator output; MSO) and gradually increase
the TMS intensity by 5 % increments, until reaching the intensity that elicits a motor evoked
potential (MEP) with a peak-to-peak amplitude greater than 50 4V in all contralateral examined
muscles for 3 consecutive stimuli.

6.2.3 Determine immediately after each stimulus whether a MEP has been elicited based on both
the raw waveforms and peak-to-peak amplitudes (search window: 20-60 ms post-TMS onset) of
all examined muscles.”

7. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions
and maximum of 4 sentences per step.

Response: We thank the editor for this suggestion.

Action: We have revised the manuscript to combine short Protocol steps where feasible and
appropriate.



8. Please include single-line spaces between all paragraphs, headings, steps, etc.
Response: We thank the editor for this instruction.

Action: We have included single-line spaces between all paragraphs, headings, steps, etc.

9. After you have made all the recommended changes to your protocol (listed above), please
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the
most cohesive story of the Protocol. Please note that calculations are not appropriate for filming.

Response: We thank editor for this instruction
Action: We have highlighted the appropriate sections.

10. Please highlight complete sentences (not parts of sentences). Please ensure that the
highlighted part of the step includes at least one action that is written in imperative tense.

Response: We thank editor for this instruction

Action: We highlighted complete sentences.

11. Please include all relevant details that are required to perform the step in the highlighting. For
example: If step 2.5 is highlighted for filming and the details of how to perform the step are
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be
highlighted.

Response: We thank editor for this instruction

Action: We highlighted sections per editor’s instructions.

12. Figures 3 and 4: Please include a space between all numbers and their corresponding units
(260 pV, 34.6 ms, etc.).

Response: We apologize for any confusion.

Action: We have added space between values and units.

13. References: Please do not abbreviate journal titles.
Response: We apologize for any confusion.

Action: We have corrected all journal titles.



Reviewer #1:

1. The strong recommendation to use a neuronavigation system is not well-supported, given the
authors' comment that no study has yet determined whether neuronavigation improves accuracy
of lower extremity TMS measures (line 507). It seems that the "true” hotspot could be identified
without neuronavigation by selecting the location that produces MEPs with the shortest latency
using the lowest stimulus intensity identified by PEST - reflecting direct activation of the
hotspot, rather than oligosynaptic ipsilateral MEPs (which would produce longer latency) or
current spread (which would require higher intensity). Given the costs of MRI and
neuronavigation, it would be a pity to suggest that these are an absolute necessity, as this would
discourage research in an area that already receives relatively little attention.

Response: The reviewer raises an important point, and we apologize for the
misunderstanding. It was not not our intention to strongly recommend that
neuronavigation is required for the assessment of the lower extremity TMS measures. In
the present manuscript, our goal was to present the experimental procedures of a protocol
that a neuronavigation system can be used to improve the accuracy and precision of the
stimulation of TA and SOL optimal spots. Numerous studies have examined the leg
muscles CMR without using navigated TMS. Yet, using this protocol the CMR of both
SOL and TA can be more accurately assessed.

Action: We have revised the last section of the fourth paragraph in the discussion to
acknowledge the potential burden of using navigated TMS.

“Third, use of structural MRI of each subject with the neuronavigation system may not be
feasible in all settings due to high cost of obtaining MRI and the neuronavigation system.
However, certain neuronavigation systems including the one used in this protocol, can be used
without subject’s MRI; but an average MRI is used. In this case, coil can be still precisely
positioned over the stimulated site.”

2. Line 106: By "acknowledge the consent process", do you mean provide written informed
consent?

Response: Yes, we meant to say written informed consent.

Action: We have revised this line to improve clarity.
“After answering any questions or concerns that subjects may have, ask subjects to acknowledge
the consent process and sign the informed consent form.”

3. Line 160: It's easy to locate TA by palpation during dorsiflexion. By "tip of the fibula” do you
mean head of the fibula?. And do you mean 1/3 from the top or the bottom of the imaginary line?
It might be easier to recommend locating the muscle by palpation, immediately lateral to the
tibial crest.



Response: We thank reviewer for pointing this out.

Action: We have revised this step to improve clarity.

“3.1.2 Attach electrodes bilaterally on TA. While in the standing position, ask subjects 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 (i.e., muscle belly immediately lateral to the tibial crest).”

4. How far apart should the recording electrodes be placed on the skin?

Response: We are using a single differential electrodes that the two discs housed in plastic
case have distance of 20mm from each other.

5. Line 185: What is "underwrap™?
Response: We apologize for the confusion. It is a light foam wrap.

Action: We have revised this sentence to improve clarity.

3.3 Secure all electrodes using light foam pre-wrap tape. Periodically throughout the
experiment, check to ensure that electrodes are securely attached and that the signal has good
quality.”

6. The criterion of 50 microvolts peak to peak seems fairly generous for 'rest' EMG. It's common
elsewhere to use a criterion of < 0.01mV RMS calculated over at least 100 ms.

Response: We thank reviewer for this excellent methodological suggestion.

Action: We have added this suggestion as an alternative approach at the end of the third
paragraph in the discussion.

“Lastly, the current protocol used the criterion of less than 50 pV peak-to-peak amplitude to
assess for baseline noise and for the “true” resting state. Discarding any EMG signal greater
than 10 pV (root mean square calculated over 100 ms) is an alternative approach.”

7. Line 190: Is 5 degrees from vertical noticeably reclined? This will seem essentially upright for
many participants.

Response: The reviewer is correct; it is 5 degrees from vertical position. 5 degrees takes
some pressure off of the hamstring and helps those with balance limitations. Much easier to
maintain a neutral pelvis in this position. We have used this position in both neurologically
intact (see Charalambous et al J Electromyography Kines 2018) and impaired adults
(ongoing studies), and we had no complains. However, we do agree with the reviewer that
this position might be upright and uncomfortable for some participants.

Action: To avoid any confusion, we have deleted the instruction about the chair
adjustment.



“3.4 Seat the subject in a chair. To ensure consistent feet placement across subjects, secure both
feet in walking boots (i.e., ankle foot orthosis) that allow the ankle ROM to be adjusted to a
specific position and provide resistance during TVA testing. Adjust both hip and knee angles to
avoid subject discomfort. Instruct the subject to keep still throughout the experiment. Use a
forehead rest attached to the chair to keep subjects still during TMS application, if available.’

’

8. Line 204: Is the AFO expected to provide resistance against a maximal isometric dorsiflexion
(or plantarflexion)? Is this sufficient and stable?

Response: We thank the reviewer for this excellent question. Yes, the specific AFO used in
this study can provide resistance during both motions with adequate stability. During
dorsiflexion, subject pull the foot against two straps whereas for plantarflexion subject
push against the bottom of the AFO which was placed either against the wall or the floor.
Yes, the AFO we used was able to provide sufficient stability.

Action: To improve clarity on this matter, we have revised the corresponding section.

“3.4 Seat the subject in a chair. To ensure consistent feet placement across subjects, secure both
feet in walking boots (i.e., ankle foot orthosis) that allow the ankle ROM to be adjusted to a
specific position and provide resistance during TVA testing. Adjust both hip and knee angles to
avoid subject discomfort. Instruct the subject to keep still throughout the experiment. Use a
forehead rest attached to the chair to keep subjects still during TMS application, if available. ”

Reviewer #2:

1. Major problem is that authors claim that proposing protocol can be used for
neurophysiological evaluation of the descending motor pathways in neurologically intact and
IMPAIRED subjects. However, results are presented for non-injured subjects only. They have
not examined this protocol in the impaired subjects. In the neurologically impaired, for example
subjects with spinal cord injury, it may not be feasible to use the similar protocol because of the
diminished conduction through cortico-spinal tract and thus transmission to corresponding
motoneurons and then to leg muscles. So, authors must be careful and restrict wording to healthy
subjects, as they are reporting.

Response: We thank reviewer for pointing this out. Though we present results from a
neurologically intact subject and the protocol as written may imply that it can be used only
in this population, we have used this protocol in individuals with neurologic impairments
with success (between two dissertation projects and two funded NIH studies, totaling of
approximately 240 TMS lower extremity sessions have been completed in individuals post-
stroke). The manuscripts for these projects are currently work in progress.

2. Minor problems - it must be clearly indicated parameters of stimulation protocol, such as TMS
frequency, coil used, the range of % of max intensity for inducing threshold MEP, etc.



Response: We thank the reviewer for these methodological questions. The TMS frequency
was 0.25 Hz, the coil used was Magstim double cone coil (as listed in the material table),
and the range of RMT was: SOL.: left - 53 £ 13, right — 52 + 11; TA: left - 52 £ 12; 48 + 11
% MSO. This information and data are included in our recent paper (Charalambous et al
J Electromyography Kines 2018).

Reviewer #3:.

1. The methods section states that "apply one TMS pulse on each spot of the grid (total 36
stimuli)”. Given the known inter-trial variability of TMS-evoked MEP amplitudes, as well as
additional variability caused by slight variations in coil orientation or location, the delivery of
only 1 stimulus pulse at each grid site can be considered a disadvantage. Please provide your
rationale for not delivering 3-5 pulses at each site. If this was to save experimental time, it should
be clearly stated, with a caveat added regarding the limitation related to not delivering multiple
pulses at each site (to enable the use of an averaged response for each site).

Response: This is an excellent issue that the reviewer has pointed out. We agree with the
reviewer that more stimuli per spot would be better, yet we chose a single stimulus per spot
for two reasons. First, the scope of this protocol was not to map the representations of TA
and SOL, which would otherwise be ideal to employ the multiple stimuli per spot approach
and using the average response per site. Second, this protocol was developed to assess SOL
and TA CMR before and after either biomechanical assessment or a single day/session
intervention. Therefore, we intended to administer the TMS assessment within an
optimized time duration.

Action: We have acknowledged the methodological consideration in the third paragraph of
the discussion section.

“Similarly, more than one stimulus per spot can be applied during the hot spot hunting (e.g., 2-5
stimuli/spot) compared to a single stimulus per spot used in this protocol. By applying more than
one stimulus per spot, hot spot of each muscle might be more reliably determined. Recent study
suggested that as few as two stimuli per spot might be sufficient for hot spot determination®’.”

2. The methodological approach used here has several strengths. For example, the authors
identify the hot spot of contralateral SOL and TA as the location in the grid with the largest
amplitude and the shortest latency. The readers could benefit from inclusion of statements about
whether other / previous studies have used both latency and amplitude to determine hotspot. If
not, the innovation, pros, and cons of this methodological approach need to be emphasized.

Response: We appreciate the reviewer’s comment. Though the majority of the studies
define hot spot as the cortical location with the largest response (i.e., largest peak-to-peak
amplitude), Rossini 1999 defines hot spot the “scalp position where the stimulus elicits the
MEP of largest amplitude and minimal latency”. Furthermore, recent paper (Kalliomeni
2015) suggested that the latency should be also considered for motor mapping.



Action: We have corrected the references cited. We also acknowledged this methodological
consideration in the fifth paragraph of the discussion.

“Furthermore, rather than using the same hot spot for assessing a single muscle’s CMR, each
muscle’s hot spot is determined using a standardized grid, which was laid over the leg cortical
representation, and is defined as the spot with the largest amplitude and shortest latency3. ”

3. In contrast to the number of pulses delivered at each site (1), the adaptive algorithm for
determining the motor threshold was run twice for each muscle. This adds significantly to data-
collection time. Please provide justification for this aspect of the approach.

Response: We thank the reviewer for pointing this out. As others have previously reported
(Silbert et al Clin Neurophys 2013), adaptive method is more efficient than the traditional
relative frequency method even though both methods shared same accuracy. Therefore, we
chose the adaptive method because it required fewer stimuli than the relative frequency
method. Given that less than 20 stimuli required to assess the TA and SOL RMT (see Table
1 in Charalambous et al J Electromyography Kines 2018), we suggested running the RMT
protocol twice to ensure accurate determination of the RMT. Each RMT determination
takes less than 5 minutes. Also, pilot work demonstrated greater variance in lower
extremity RMT, so we decided to perform the RMT determination procedure twice to
reduce the effect of this variability.

4. In the methods, authors state that "in case any contralateral examined muscles are active
before or after TMS, discard that stimulus and apply an extra single pulse again”. Please clarify
if the trials were discarded in case the targeted contralateral muscle (e.g. TA for trials involving
delivery of TMS to the TA hotspot) was active or ANY contralateral muscle. As currently stated,
the sentence is confusing. This is important because this will help readers ascertain whether the
authors controlled for activation of the agonist or target muscle or the antagonist muscle as well.

Response: We thank the reviewer for pointing this out. For the rest condition, we expected
all 4 muscles to be at rest, whereas for the TVA condition we expected only the target
muscle to be activated. Therefore, if there was any activation during rest or TVA (any
muscle other than the target muscle) that trial was discarded.

Action: We have revised the corresponding steps, the sections now read as follows:

“6.4.2 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 displaying on
a computer screen. In case that any muscle is active before or after TMS, discard that trial and
apply an additional single pulse. Repeat until 10 waveforms for each contralateral examined
muscle at rest have been collected.”

“6.5.4 Monitor the muscle activity of the active examined muscle and the remaining resting
muscles using a real time visual feedback display on a computer screen. Discard that stimulus
and apply an additional single pulse again in case that either the examined muscle’s activity is



either below or above the predetermined range or any other muscle is activated. Collect 10 trials
while the examined muscle is activated at the predetermined range.”

5. Please provide the rationale for using 10 waveforms instead of a greater number (some studies
have recommended 15 to 30) for the collection of suprathreshold MEPs for each condition.

Response: This is a great comment that the reviewer has pointed out. We reported 10
stimuli instead of higher number for two reasons. 1) 10 stimuli was number of stimuli used
at the time that this protocol was developed (4-5 years ago), as well as those commonly
reported previously. 2) The two papers that have showed that greater number of stimuli
required for more accurate CMR assessment were published in 2016 and 2017.

However we have acknowledged in the discussion section that more than ten stimuli should
be considered. “To assess the CMR of each muscle, 10 stimuli are applied on each hot spot
during rest and TVA, yet recent reports have suggested that more than 10 stimuli should be used
to assess reliably the CMR of a muscle®>, ~

6. Similar to detailed methods provided for other aspects of the protocol, additional details
regarding methods and anatomical landmarks used to determine the MRI site used for
positioning the center of the rectangular grid would be valuable to readers for future replication.
Also, how did the authors handle any variability in sulcus anatomy when locating the grid?

Response: We thank the reviewer for this comment. The neuronavigation file of each
subject was created by the same person who has extensive experience in cortical
neuroanatomy. To ensure accurate grid placement across subjects the grid was placed
based on two criteria. The middle row of the gird was placed perpendicular to the leg
motor area while the medial column was placed parallel and adjacent to the medial wall of
the hemisphere tested.

Action: We elaborated on this matter at section 2.5.

“2.2.2 Place a rectangular grid over leg motor cortical area at each hemisphere (see Figure
1B). Position the centered row of the grid at the center and over the gyrus of the leg motor
cortical area where the corticospinal tracts that innervate leg motor pools originate. Position
the medial column of the grid parallel and adjacent to the medial wall of the ipsilateral
hemisphere.”

7. How was the window for determining peak to peak MEP (20 to 60 ms after TMS onset)
determined? Is there a possibility that the window may need to be widened in patient populations
(e.q. stroke, multiple sclerosis) beyond the 60-ms timeframe?

Response: This is an excellent question. Based on a work done in our lab in both
neurologically intact and stroke-impaired subjects with varying height, we found that the
latency of these two muscles was never less than 24 ms or greater than 50 ms. Therefore,
we suggest the search window for MEP to be between 20 and 60 ms. Nevertheless, we agree



with the reviewer that neurological populations other than that we have considered, may
have longer latencies outside of this window. We have incorporated this into the text.

Action: We have added a CAUTION line in 7.2 section.

“CAUTION: Though the MEP search window of 20-60 ms may work for neurologically intact
subjects and people post-stroke, wider MEP search windows (e.g., 20-75 ms) might be required
for other neurological populations (e.g., multiple sclerosis). ”

8. The following finding is somewhat confusing and merits more detailed discussion and
presentation in the paper: "As in rest, TMS over right TA and left SOL hot spots also elicited
ipsilateral responses; those responses were present only in the ipsilateral TA; conversely, TMS
over the right SOL and left TA hot spots elicited only contralateral MEPs."

The results and figures do not provide data to support this finding at a group level (only
individual subject data are shown related to this point) or using statistics. Was this phenomena or
observation consistent across all participants? Is there a potential methodological explanation for
this finding? Does this relate to limb dominance? Please comment or clarify. If the finding is
indeed variable, perhaps the emphasis on it can be reduced pending further confirmation using a
larger sample study and support with statistical analysis?

Response: This is an excellent observation. In the results section we present data from a
neurologically intact subject to show the feasibility of the protocol. We recently published a
paper which used this protocol and presents bilateral TA and SOL data from 21 healthy
subjects. We are currently working on manuscripts that used the same protocol in stroke
patients. We did observe similar results in other subjects as well. The main rationale for
this ipsilateral response is due to the location of the stimulated site. Given the size of the
double cone coil and the location of the leg motor area, it is highly expected that ipsilateral
responses might be elicited. Based on our data, it is unclear whether this finding is related
to leg dominance.

9. The discussion/interpretation regarding ipsilateral MEPS (iMEPSs) being ascribed to an oligo-
synaptic pathway needs more clarification and justification with references. Could iMEPs be
caused by activation of uncrossed corticospinal tract fibers too instead of brain-stem-mediated
pathways?

Response: We thank the reviewer for pointing this out. It is possible that the uncrossed
monosynaptic motor pathways might be stimulated. However, the ipsilateral latency should
not be delayed and the amplitude should be similar to the contralateral MEP. Given the
location of the motor leg area and the size of the double cone coil, any ipsilateral response
in the lower extremity might be most likely due to the stimulation of the opposite
hemisphere (i.e., stimulation of the crossed motor pathways of the opposite hemisphere).
On the other hand, if the ipsilateral response is delayed and has much smaller amplitude
than the contraletarel MEP, then this response might be due to oligosynaptic pathways.
Definitely, future studies should further investigate this matter using the present protocol.
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Action: To improve the clarity on this matter, we have revised the last section of the
discussion’s second paragraph.

“The second critical step is the bilateral assessment of each muscle. In contrast to upper
extremity motor areas, the two leg motor areas are adjacent to each other, and when a pulse is
applied over one area the opposite area might be stimulated due to current spread. Therefore,
any ipsilateral response in either muscle may indicate either the presence of an IMEP (a
potential proxy of cortico-reticulo-spinal pathway) *° or just a direct stimulation of the opposite
leg motor area. In the past, ipsilateral TA responses were reported, yet the stimulated site was
based on anatomical landmark (10 and 15 mm posterior and lateral to vertex)®2. Using this
protocol, the hot spot of each muscle can be determined separately, and depending on the hot
spot’s location either contralateral or bilateral responses can be elicited (see Figures 3 and 4).
Whether the bilateral response is a result of multiple descending pathways or just stimulation of
a single pathway requires further investigation. ”

10. Additional data, summary descriptive statistics, and figures would be beneficial in the results
section. For instance, was the hotspot location determined using MEP latency and MEP
amplitude identical or was there a disparity in the location based on these 2 criteria for certain
participants?

Response: We thank reviewer for this comment. Group data (descriptive statistics,
reliability, etc.) have been presented in our recent paper (Charalambous et al J
Electromyography Kines 2018). In this manuscript we chose to present representative data
from a neurologically intact subject to demonstrate the pros and cons of this protocol. In
the event that the largest amplitude and shortest latency is not at the same spot, then the
spot with the largest amplitude should be defined as hot spot.

Action: We have added a CAUTION line in section 6.2.4.
“CAUTION: In an occasion that the largest amplitude and shortest latency are not at the same
spot, define hot spot using the largest amplitude.”

11. Participant characteristics and demographics would be useful.

Response: Thank you for the suggestion. Information on participant characteristics and
demographics has been reported in our recent paper — Charalambous et al J
Electromyography Kines 2018.

12. The average values of MEP amplitudes, latencies, and silent period for TA and Soleus are
not provided in the results or figures. While the paper focuses on methodology, these data would
serve as a useful reference for future studies using similar methodology in the same or other
populations. Citations or references of these results from other papers from the authors' lab
would also be useful.
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Response: Thank you for the suggestion. This data can be found in our recent paper —
Charalambous et al J Electromyography Kines 2018.
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