10

11

12

13

14

15

16

17

18

19

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

1

Non-invasive spinal electro-magnetic stimulation (SEMS): a tool for evaluation and

modulation of lower limb spinal-muscular transmission in healthy adults.

Victor L. Arvanian 2, Hayk Petrosyan 2, Chuancai Zou?®, Cynthia Leone3, Mohammad Zaidi ',

Wei Hou#, Asrat Tesfa!, Magda Fahmy ! , Mark Kaufman !, Sue A. Sisto*>

"Northport Veterans Affairs Medical Center, 79 Middleville Road, Bld. 62, Northport, NY 11768.

2Stony Brook University, Department of Neurobiology and Behavior, Life Sciences Building,

Stony Brook, NY 11794.

3Department of Physical Therapy, School of Health Technology and Management, Stony Brook

University, Stony Brook, NY 11794.

4Department of Family, Preventative and Medicine, Stony Brook University, Stony Brook, NY,

11794

SDepartment of Rehabilitation Science, School of Public Health and Health Professions, University

of Buffalo, Buffalo, NY, 14214.

*Corresponding author: Dr. Sue A. Sisto *Department of Physical Therapy, School of Health

Technology and Management, Stony Brook University, Stony Brook, NY 11794,

Phone: (631) 444-6014, Fax: (631) 444-1189, Email: sue.sisto@stonybrook.edu

** Sisto SA, Arvanian VL and Petrosyan HA equally contributed to this study.

Short title: Spinal magnetic stimulation for neurophysiological evaluation and plasticity at

leg neuro-muscular circuitry


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

2

Abstract

Objective. Our earlier electrophysiological recordings using animal models revealed diminished
transmission through spared fibers to motoneurons and leg muscles after incomplete spinal cord
injury (SCI). Administration of spinal electro-magnetic stimulation (SEMS) at specific parameters
induced transient improvement of transmission at neuro-muscular circuitry in SCI animals. In the
current human study, we sought translate this knowledge to establish optimal parameters of SEMS
for (i) neurophysiological evaluation via Compound Motor Action Potential (CMAP); and (ii)

modulation at neuro-muscular circuitry via H-reflex and M-wave response in 12 healthy adults.

Methods. SEMS application was with a coil positioned over T12-S1 spinal levels. SEMS-evoked
CMAP-responses were wirelessly measured simultaneously from biceps femoris (BF),
semitendinosus (ST), vastus lateralis (VL), soleus (SOL), medial gastrocnemius (MG) and lateral
gastrocnemius (LG) muscles. We also examined effects of SEMS trains on H-reflex and M-wave
responses. H-reflexes and M-waves were measured simultaneously from SOL, MG and LG
muscles and evoked by peripheral electrical stimulation of tibial nerves before and after each

SEMS session.

Results. Spinal levels for SEMS application to evoke CMAP-responses in corresponding muscles
and amplitude/latency of these responses have been established. SEMS applied over L4-S1 spinal
levels at 0.2 Hz rate for 30 min induced facilitation of H-reflexes and M-responses. Facilitation
lasted for at least 1 hour after stopping SEMS and was associated with a decrease in threshold
intensity and leftward shift of recruitment curve for H-reflex and M-wave. SEMS did not alter

TMS-evoked responses in hand muscles.
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Conclusion. SEMS is a novel, non-invasive approach for sustained neuromodulation of H-reflex
and M-wave responses in triceps surae muscle group. The parameters of SEMS application
established in this study for evaluation and neuromodulation of neural pathways innervating leg
muscles in healthy individuals may be used as a reference for neurophysiological evaluation and

long-lasting plasticity of the lower limb spino-neuromuscular circuitry in individuals with SCI.
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Introduction

Our recent intracellular recordings from individual axons [ 1] and motoneurons [2] revealed
declined excitability in spared axons, impaired propagation of action potentials though these axons
and thus diminished transmission to motoneurons and then to hindlimb muscles following chronic
SCI in adult rats. Administration of spinal electro-magnetic stimulation (SEMS) trains induced
strengthening of transmission at spino-neuromuscular circuitry in chronic SCI rats [3, 4]. The
current study was designed to establish parameters of SEMS for neurophysiological evaluation
and plasticity at neuro-muscular circuitry innervating various leg muscles in humans. In this initial
phase, we have examined effects of SEMS in healthy adult individuals to obtain reference

measures for further and on-going studies in SCI individuals.

In human physiology the electromyography (EMGQG), the soleus Hoffmann (H)-reflex and
muscle (M) response have been traditionally used for monitoring the extent of muscle activity and
neurophysiological diagnostics [5-7]. Another important neurophysiological diagnostic parameter
is nerve-to-muscle conduction, which has been previously tested by either percutaneous [8], or
direct needle stimulation [9] of spinal nerve roots. The remarkable ability of the electro-magnetic
coil to deliver stimuli noninvasively and painlessly through skin and tissue to the deeply located
peripheral nerves, has prompted several investigators to use this approach for physiological testing
of the nerve-to-muscle circuitry [10-12]. This same coil has more recently been applied at thoracic
spinal levels (SEMS) to evoke compound muscle action potentials (CMAPs) in leg muscles [13-
15] and conditioning of these responses with peripheral electrical stimulations [14] has been

examined.
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Electro-magnetic stimulation is based on the principle of electromagnetic induction of an
electric field through intact tissue to underlying structures systems [16-17]. Transcranial electro-
magnetic stimulation (TMS), since its initial introduction about three decades ago [18], has been
widely used for diagnostic applications and repetitive TMS was found to alter excitability at
cortico-motor circuitry [17, 19-20]. Responses evoked by TMS, however, are reliably recorded
from arm but not leg muscles, particularly in human participants with neurological impairments,
including spinal cord injury [21]. Consistent with these reported results of human studies, our
recent experiments using animal models revealed that TMS-evoked responses could be reliably
recorded from the hind limb muscles only in the naive animals, but not in adult rats with SCI [22].
However, responses evoked by electro-magnetic stimulation at spinal thoracic and lumbar levels
could be reliably recorded from hind limb muscles in rats with chronic SCI [1]. In fact, EMG
recordings from the hind limb muscles, conducted in parallel with intracellular
electrophysiological recordings from individual motoneurons and axons in lumbar spinal
segments, revealed that spinal electromagnetic stimulation is an excellent non-invasive approach
for evaluation and modulation of transmission in spinal and spino-neuromuscular circuitry in adult

rats [1, 4, 22].

Various types of functional outcomes induced by repetitive SEMS applied at different
spinal levels, using different parameters and frequencies, have been reported as well. High-
frequency stimulation using the EMS coil positioned over T11-T12 vertebrae induced involuntary
bilateral locomotor-like movements in healthy individuals [13]. Lumbar repetitive magnetic
stimulation was reported to reduce spastic tone of the lower limbs in spinal cord injury and multiple
sclerosis patients [23, 24]. SEMS has been used as a treatment for urinary frequency and urge

incontinence [25] as well as to suppress detrusor contraction [26]. SEMS has been used effectively
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92  to stimulate the spinal nerves in spinal cord injury individuals, resulting in some improvement of
93  several vital functions [15, 27-29]. Research has also demonstrated greater effects of magnetic
94  stimulation versus electrical stimulation in inhibition of detrusor hyperactivity [30]. Another study
95 reported that repetitive magnetic stimulation at spinal levels, in combination with motor training,
96 induced an acute and persistent decrease of low back pain and was more beneficial that motor

97  training alone [31].

98 However, the CMAP responses recorded from various leg muscles and evoked by SEMS
99 applied at different spinal levels have not been systematically examined and compared. Effects of

100  SEMS on H-reflex and M-responses of the leg muscles have been understudied.

101 The first objective of the current study was to examine the ability of single-pulse SEMS to
102  deliver electrical excitation to a variety of leg muscles in healthy adults. Using a wireless EMG
103  system, the SEMS-evoked responses were recorded simultaneously from biceps femoris (BF),
104  semitendinosus (ST), vastus lateralis (VL), and soleus (SOL), medial gastrocnemius (MG) and
105 lateral gastrocnemius (LG) muscles in both legs. The second objective was to examine the ability
106  of SEMS applied for 30 mins. to affect spino-neuromuscular plasticity: we compared M-wave and
107  H-reflex responses that were recorded simultaneously from triceps surae muscles (SOL, MG and
108  LG), before, immediately after the termination of SEMS, and 1 hour afterwards. We have also
109  examined whether SEMS applied repetitively would alter TMS responses recorded from hand

110  muscles. Some of these findings have been reported in abstract form [32].

111

112
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113 Material and methods
114  Participants
115 Twelve healthy adult volunteers with no known history of neurological disorders, four male

116  veterans (mean age 57.7 £+ 7.5 years) participated in the study at the Northport VA Medical Center
117  and 4 females (mean age 33.75 + 9.67 years) and 4 males (mean age 26 + 2.16 yeas) participated
118  in the study at the Stony Brook University. All participants were screened for inclusion/exclusion
119  criteria, gave written informed consent to participate in this study and completed up to 3 sessions.
120  Participants were excluded from the study if they had any metal implants, any implanted electrical
121 devices, any medications that could raise seizure threshold, cardiac conditions, history of syncope
122 or concussion with loss of consciousness, or ringing in the ears. All females were provided a
123  pregnancy screen where negative results allowed participation. All participants were advised not
124  to exercise on the day of the study. This study was approved by the local Institutional Review
125  Board (IRB) at Stony Brook University and Northport VA Medical Center and was conducted in
126  accordance with the Declaration of Helsinki.

127

128
129  Overview of Study Design

130 Blood pressure and heart rate were measured before and after administration of each SEMS
131 session. First, TMS induced responses in the hand muscles were measured followed by baseline
132 measurements of M-wave and H- reflexes recruitment curves of the leg muscles using peripheral
133 nerve stimulation of the tibial nerve (see below). After the baseline (i.e. prior SEMS application)

134  measurements were taken, a 30 minute session of SEMS applied in repetitive trains, was
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135  administered (see below). After the SEMS administration, M-wave and H-reflex recruitment
136 curves and TMS induced responses were again collected for comparison with the pre-SEMS
137  baseline measurements. To evaluate the possible long lasting effects of SEMS, the same
138  measurements were retaken 1 hour post-SEMS administration in a subset of participants (n=4). At
139  the Northport VAMC the study design did not include TMS administration. This sequence was
140  repeated once a week for 3 weeks to total 3 visits.
141

142 Electrophysiological recordings

143 Electrophysiological recordings were performed using Delsys Trigno wireless EMG
144  system (Delsys Inc. Natick, MA). After standard skin preparation, wireless Trigno surface sensors
145  were placed over the muscle belly near the motor point and aligned with the muscle striations.
146 Lower limb recording electrodes were placed at the beginning of each session and were secured in
147  place for the entire session, without removal. During the first session, the optimal position for
148  placement of the recording electrodes was determined for each participant and was used for the
149  follow-up sessions. For repeatability of EMG electrode placement for subsequent days,
150  measurements were taken from the knee crease with a tape measure to the EMG electrode location
151  and supported further with photographs of the electrode placement. For peripheral nerve
152 stimulation followed by SEMS, recording electrodes were placed on the soleus (SOL), medial
153  gastrocnemius (MQG), lateral gastrocnemius (LG), vastus lateralis (VL), semitendinosis (ST) and
154  biceps femoris (BF) muscles bilaterally. We recorded from all these leg muscles during SEMS but
155  only triceps surae (SOL, MG and LG) for evaluation of H- and M-responses. For the TMS testing,
156  recording electrodes were placed on first dorsal interosseous (FDI) and abductor digiti minimi

157  (ADM) muscles. The EMG signals were recorded via Digidata 1440 digitizer (Molecular Devices,
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158  AXON CNS) at 5 kHz sampling rate using Clampex 10.6 software and analyzed off-line using
159  Clampfit 10.6 software. The EMG responses were averaged and peak to peak amplitude from the
160  mean response was calculated for analysis.
161

162  Transcranial magnetic stimulation

163 Participants were comfortably seated in a chair with target arms well supported and
164  completely relaxed. MagStim 200? magnetic stimulator (Jali Medical, Inc. Woburn, MA) with
165  D70% magnetic coil attached to a coil stand was used for stimulation (see Fig 1). TMS was delivered
166  to the optimal scalp position to elicit maximal responses in contralateral first dorsal interosseous
167  (FDI) and abductor digiti minimi (ADM) muscles. After determining resting threshold intensity
168  required to evoke responses of at least 50 uV in 3 out of 5 stimulations the stimulator output was
169  set 20% above threshold intensity and at least 10 responses were recorded for analysis. TMS
170  evoked responses were recorded before SEMS and after for each participant at Stony Brook

171 University (n=8).

172 Figure 1. Photos are of sample participant during the experiments demonstrating the position of
173 recording electrodes. (A) receiving SEMS administration over spinal levels and peripheral
174  electrical stimulation over tibial nerves of both legs. (B) receiving TMS administration over the

175  left motor cortex while recording from right hand muscles.

176

177 Peripheral nerve stimulation, H-reflex and M-wave recordings

178 For peripheral nerve stimulation participants were placed in the prone position (Fig 1). All

179  participants were instructed to refrain from voluntary contraction of the leg muscles and there was
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180  no background contraction during recordings. The M-wave and H-reflex responses were measured
181  before and after SEMS application in all 12 participants. Peripheral electrical stimulation was
182  delivered using Digitimer DS7A (Digitimer North America, LLC) constant current stimulator with
183  bipolar gold-plated bar electrode (Natus Neurology, Inc.) placed over tibial nerve at the popliteal
184  fossa. The optimal position for the stimulating electrode was based on the H-reflex and M-
185  responses elicited and the popliteal stimulating electrode was secured in place for the duration of
186  the session. The H-reflex and M-waves were recorded in all three triceps surae muscles using 1ms
187  duration square-wave pulse delivered with 0.2 Hz frequency. Beginning with a low intensity
188  stimulus that was then gradually increased until the threshold intensity for H-reflex was
189  determined. The stimulus intensity continued to be increased in small increments (ImA) until the
190 H maximum responses and later the M maximum responses were acquired. These data allowed
191  for the plotting of the full stimulus/response recruitment curve. At each stimulus intensity, at least
192  6-10 responses were recorded. For analyses of the effects of SEMS on the recruitment curve the
193  responses recorded from the soleus muscle were used. Six of the triceps surae EMG responses
194  were averaged to measure the peak-to-peak amplitude for both the M-wave and H-reflex at each
195 intensity. The data were tabulated for the baseline pre- and post-SEMS and for both left and right

196  legs and used in the statistical analysis.

197

198  Spinal electromagnetic stimulation (SEMS)

199 Participants were placed in the prone position with comfortable support of a pillow under
200 the abdomen when preferred. SEMS was administered using MagStim 200> magnetic stimulator
201 (Jali Medical, Inc. Woburn, MA) with figure-of-8 D70%> magnetic coil delivering monophasic

202 pulses at 0.2Hz frequency. The coil was always positioned with the handle towards the head to
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203  standardize the direction of electro-magnetic stimulation. The optimal spinal level and stimulus
204  intensity were determined in their first session. To accomplish this, a total of 6-10 single pulses
205  were delivered to each spinal level from T12 to S1 and the stimulus intensity with 10% increments
206  ranged from 40% to 80% was applied until EMG recordings from the greatest number of muscles
207  were visible. After the optimal spinal level and SEMS intensity were determined, they were used
208  to deliver a 30 minutes of single pulse SEMS that was applied repetitively with 0.2 Hz frequency
209  for each of the three sessions. Spinal levels used for repetitive SEMS ranged from L4-L5 with 60-
210  80% of stimulus intensity. Six of all muscle consecutive responses have been collected and
211  averaged at each intensity and spinal level, then the peak-to-peak amplitude were measured and
212  tabulated for statistical analysis. The latency was measured from the beginning of stimulation to

213 the onset of the response.

214

215 Statistical Analysis

216 SigmaPlot 11.0 software (Systat Software, San Jose, CA) and SAS v9.3 (the SAS Institute,
217  Cary, NC) were used for statistical analyses. For each participant the maximum H-reflex and M-
218  response amplitudes before SEMS were normalized to 100% and the percent change for each
219  response was calculated after SEMS. Similarly, the threshold intensity for H-reflex before SEMS
220  was considered as 1 and used to normalize applied intensities before and after SEMS. To compare
221 the measured characteristics of H-reflex and M-wave for pre-SEMS vs post-SEMS, paired t-test
222 or Wilcoxon Signed Rank test were used and the results were considered statistically significant

223 for p <0.05. Data are presented as means + standard errors.
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224 To analyze the recruitment curves of H-reflex and M-wave, the ascending part of the
225  stimulus/response recruitment curve for SOL muscle has been fitted using 3-parameter sigmoid
226  function (SigmaPlot 11.0) with following equation for each individual [33]. Parameters such as
227  the slope of the recruitment curve and stimulus intensity needed to obtain 50% of the maximum

228  responses (S50) were obtained by analyses of the computer-fitted recruitment curves.

Hmax

S50-S
1+ exp (T)

229 H(s) =

230  Where S is the stimulus intensity, Hmax is maximum amplitude of H-reflex. S50 is stimulus
231  intensity needed to obtain 50% of Hmax, and b is the steepness of the curve. In addition, we

232 calculated the slope of the curve at S50 using following equation

Hsl Hmax
233 Slope =
P€="4p
234 The M-wave recruitment curves were analyzed using the same equations. The amplitudes

235  were calculated as peak to peak amplitude and intensities were normalized to pre-SEMS threshold
236  intensity for H-reflex. i.e. for each participant/curve pre-SEMS threshold intensity for H-reflex
237  was considered as motor threshold (MT). Because of substantial difference in actual amplitude of
238  H- and M-responses among subjects the amplitudes were normalized to 100% of H-Max and M-
239  Max, respectively, for each subject. All parameters analyses were grouped from each subject first
240 and then averaged among subjects. Statistical analyses of the fitted curves were performed using
241 SAS ver. 9.3 (the SAS Institute, Cary, NC). Descriptive statistics (e.g. means and standard
242 deviations) of all above mentioned parameters were calculated for pre-, post- and pre-post SEMS

243 change. The average SOL H-reflex and M-wave recruitment curves were generated using average
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244 curve parameters + standard errors (e.g. Max, b, and S50). Three-way repeated measure ANOVA
245  models (rmANOVA) were used to determine the effects of SEMS (pre- vs post-SEMS). Since the
246  effects of SEMS was the primary study aim, SEMS (pre- vs post-SEMS) remained in the final
247  models regardless of its statistical significance. The p values were then calculated based on the F
248  tests of rmANOVA for all parameters. Due to the small sample size and the exploratory nature of
249  this study, the primary purpose of the analysis was to examine mean trends. The conclusions will
250  not be purely based on a significant p values [34]. Adjustment for p values depends on the number
251  of tests and will increase the type II error [35]. Therefore, the p values were not adjusted for
252  multiple tests [36] and any p values less than 0.05 were considered statistically significant. The
253  correlations between M-wave and H-reflex parameters were estimated and tested for pre-, post and

254  pre-post change of SEMS.

255 Results

256  SEMS-evoked CMAP responses

257 In this study we have examined the non-invasive electromagnetic stimulation (SEMS)
258  administered at spinal levels in healthy participants. SEMS was administered at different spinal
259  levels (T12-S1) and at different stimulus intensities (40 % - 80%). Fig 2 includes representative
260  responses recorded from biceps femoris (BF), vastus lateralis (VL), semitendinosus (ST), medial
261  gastrocnemius (MG), lateral gastrocnemius (LG) and soleus (SOL) muscles from one participant.
262  Not surprising, the administration of SEMS at different spinal levels results in the activation of

263  muscles differently.

264
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265  Figure 2. Spinal electromagnetic stimulation (SEMS) was able to evoke compound muscle
266 action potential (CMAP) responses in several leg muscles in healthy participants.
267  Representative responses recorded from vastus lateralis (VL), biceps femoris (BF), semitendinosus
268  (ST), soleus (SOL), lateral gastrocnemius (LG) and medial gastrocnemius (MG) muscles are
269 presented. Note different muscles exhibit different size and latencies in response to SEMS.

270  Diagram illustrating the position of the SEMS stimulation coil and recording electrodes.

271 SEMS administration at T12-L1 levels evoked responses predominantly in BF and VL
272 muscles (Fig 2). When SEMS was administered at low lumbar levels (L3-L5), it resulted in
273 activation of all triceps surae muscles (MG, LG and SOL), as well as BF and ST muscles in some
274  participants (Fig 2). Amplitude and latencies of these responses were different depending on the
275 spinal level of stimulation and the recorded muscle. These results indicate that SEMS
276  administration at specific spinal level results in activation of spinal different pathways to the

277  muscles.

278 With the same stimulation intensity, the optimal spinal level to evoke CMAP responses in
279  the triceps surae muscle group (MG, LG, SOL) was the L5-S1 spinal levels. The mean amplitude
280  for the SOL muscle at 70% of the maximum coil intensity was 0.15 + 0.02 mV whereas the MG
281  and LG muscles showed 0.14 = 0.3 mV and 0.10 = 0.02 mV amplitude respectively (n=7). For
282  the VL muscle, the optimal spinal level was T12-L1. The mean amplitude for the VL muscle at
283  70% of maximum coil intensity was 0.14 + 0.07 mV. For the BF and ST muscles, the optimal
284  spinal stimulation level was L1-L3. The mean amplitude for BF muscle at 70% of maximum coil

285  intensity was 0.03 = 0.01 mV and ST was 0.05 £ 0.01 mV respectively.
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286 Latencies of CMAP responses were also different depending on the muscle. Latency for
287  the VL muscle responses evoked from L1 SEMS was 11.8 = 1.1 ms, 13.5 + 1.3 ms for BF muscle
288 and 12.8 = 1.9 ms for the ST muscle. Latency of responses evoked by coil positioned over L5 for
289 triceps surae muscles showed slightly longer latencies, i.e. 15.3 = 0.53 ms for MG; 14.7 + 0.45 ms
290 for LG and 15.4 + 0.54 ms for SOL. The CMAP responses from the same muscles exhibited
291  different latencies and different amplitudes when the SEMS coil was moved caudally. In the same
292  participant, the CMAP responses recorded from SOL muscle showed decreased latency and
293  increased amplitude as the SEMS coil was adjusted caudally. For example, in one participant the
294  latency at L1 was 21.2 ms but at the L5 level was 18.1 ms and the amplitude was 0.0lmV at L1

295 and 0.21mV at L5 respectively.

296

297  Effects of single pulse SEMS with repetitive trains on M-wave and H-reflex

298 amplitudes

299 We have examined effect of SEMS administration for 30 min on the M-wave and H-reflex
300 responses. We measured the M-wave and H-reflex response in all triceps surae muscles before and
301  after administration of SEMS train (see methods). The H-reflex and M-wave responses elicited by
302 electrical stimulation of the tibial nerve at the popliteal fossa can be observed in Fig 3A. The
303  responses recorded simultaneously from the SOL, MG and LG muscles, varied among participants.
304  Fig 3B shows the M-wave and H-reflex responses recorded from the same participant immediately
305 after SEMS administration using same current intensity as in Fig 3A. Both H- and M-responses
306 exhibited facilitation in all three muscles after SEMS. Similar facilitation after SEMS

307  administration was observed in all 12 participants tested. Since the SOL muscle has been examined
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308 extensively in the literature, the motor threshold (MT), or the minimum stimulus intensity that
309 produced a minimal measurable H-response (about 30 uV in at least 5 of 10 trials) in the SOL
310 muscle was used for further analyses. This effect of SEMS on H-reflex and M-response was
311  associated with changes in threshold intensities for both H- and M-responses (see below). There
312  was no change in the latencies of both H-and M responses after SEMS administration. Before
313  SEMS the mean latency for SOL muscle of M response was 8.15 £ 0.32ms and of H was 28.5 +
314  0.42ms; after SEMS administration latency for M was 8.18 + 0.32ms and for H was 28.8 + 0.41ms

315  (p>0.05;n=12).

316  Figure 3. Modulation of H-reflex and M-wave by SEMS train in healthy participants. After
317  repetitive SEMS (0.2 Hz for 30 min) amplitude of both H-reflex and M-wave responses show
318 marked facilitation in all three soleus (SOL), Medial Gastrocnemius (MG) and Lateral
319  Gastrocnemius (LG) muscles. (A) Representative traces of H-reflex and M-wave responses
320 recorded from SOL, MG and LG muscles before (A) and after SEMS train (B) from same
321  participant evoked with same current intensities stimulating tibial nerve (approx. 20% above motor
322  threshold). Diagram illustrating the position of the stimulation electrode for tibial nerve stimulation

323 and recording electrodes for H-reflex and M-wave.

324 In two participants, we examined whether changes in positioning of the figure of-eight
325  shaped electro-magnetic coil over human vertebrae would affect amplitude of SEMS-evoked
326 CMAP responses, or SEMS-induced modulation of M- and H-responses. Rotating the coil 180°,
327  with the handle positioned towards the legs instead of towards the head, while keeping its center
328 at same spinal level, did not induce changes in the amplitude of SEMS-evoked responses.
329  Additionally, it did not affect the ability of SEMS administration to modulate the M-wave and H-

330 reflex responses. These results are consistent with previous reports indicating that (i) current
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331  flowing in a clockwise or anticlockwise directions did not induce a difference in the amplitude of
332 the responses in humans [14], (ii) rotation of the coil 180°, did not induce significant changes in
333  the effects of SEMS on synaptic transmission in animal models [1], (iii) neither it affected
334 movement of the surgical rods [37]. However, all data represented are from participants receiving

335  SEMS with the coil cable positioned cephalad.

336

337 Effects of single pulse SEMS administration with repetitive trains on Motor

338  Threshold (MT) of M-wave and H-reflex

339 We have also systematically examined the effects of SEMS administration on the threshold
340 intensity required to evoke H-reflex and M-wave responses. Fig 4A demonstrates representative
341  traces of M-wave and H-reflex responses, recorded at different stimulus intensities in SOL muscle
342  from one participant before and after administration of SEMS. After SEMS administration (for 30
343  min at 0.2 Hz), the threshold intensity for both H- and M-responses was significantly lower. Full
344  intensity/response recruitment curve for the SOL muscle for the same participant is presented in
345  Fig 4B (participant 1). After SEMS administration, there was a leftward shift (to lower intensity)
346  for both responses. A similar shift of the recruitment curve and decrease of threshold intensity was
347  observed in all participants. Representative recruitment curves from randomly chosen two other
348  participants (participant 2 and participant 3), are presented in Fig 4B as well. Results revealed that
349  administration of SEMS for 30 minutes induced a substantial leftward shift of the recruitment
350 curve for both H- and M-responses; however, this shift was different among participants (Fig 4).
351  SEMS-induced changes of H-reflex and M-wave responses in SOL muscle were compared in each

352  participant first and then grouped among participants. The mean threshold intensity for H-reflex
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353  was 12.4 + 1.1 mA pre-SEMS vs 8.8 + 0.7 mA post-SEMS, i.e. 73 + 3% of pre-SEMS control (P
354  <0.05, n="7). The mean threshold intensity for M-wave was 17.4 = 1.6 mA pre-SEMS vs 12.1 £+

355 1.2 mA post-SEMS, i.e. 70.84 = 4.31% of pre-SEMS control (P <0.05, n=7).

356  Figure 4. Effect of SEMS train on recruitment curve of H-reflex and M-wave responses. (A)
357  Representative traces of H-reflex and M-wave responses recorded from SOL muscle in one
358  participant (participant 1) before and after SEMS. After SEMS there is a dramatic change in the
359  current required to evoke H-reflex. Representative traces of H-reflex and M-wave are presented
360  for each stimulation current intensity before and after SEMS. (B) Representative stimulus/response
361 recruitment curves for H-reflex and M-wave for the same (participant-1) and two other
362  (participants 2 and 3) participants before and after SEMS demonstrating a leftward shift of both

363  H- reflex and M-wave curves.

364

365  Statistical analyses of the recruitment curves for H- and M-responses

366 A summary of the results demonstrating changes in characteristics of M-wave and H-reflex
367  responses in SOL muscle following administration of SEMS train (30 min, 0.2 Hz) is presented in
368  Fig 5. In order to generalize results of the SEMS effects on the H- and M- recruitment curves in
369  all participants it was important to account for the differences in MT intensity and amplitude of H-
370  and M-responses among participants. Therefore, the stimuli intensities were normalized to the pre-
371 SEMS values of the MT; and amplitudes of H- and M-responses were normalized to 100% of
372  maximum responses pre-SEMS, respectively, for each participant. The rising phase of recruitment

373  curves for H-reflex and M-wave was fitted using sigmoid function and analyzed (see methods).
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374  Figure 5. Computer-generated analyses to summarize results of the effects of SEMS trains on
375 recruitment curves for M-wave and H-reflex responses among all participants. (A) Plot
376  demonstrating H-reflex recruitment curves using three parameter sigmoid fits for each participant.
377  Solid lines demonstrate sigmoid fits before SEMS and doted lines demonstrate H-reflex sigmoid
378 fits after SEMS for each participant. (B, C) Averaged curves for H-reflex and M-wave before
379  (solid lines) and after SEMS administration (dotted lines) respectively. Shaded area represents

380 standard error.

381 Analyses of the parameters of fitted M-wave curve are summarized in Table 1. The slope
382  at 50% M-max was flatter after SEMS compared to before SEMS (157.51£76.42 pre-SEMS vs
383  139.78+53.95 post-SEMS, p=0.03, Mean + SD). S50 parameter before SEMS was significantly
384  greater than S50 after SEMS (1.98+0.44 pre-SEMS vs 1.81+0.59 post-SEMS, p=0.03, Mean =+
385  SD). However, M-max, b, and intensity range were not significantly different before compared to

386  after SEMS.

387
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388  Table 1. Descriptive Statistics of Parameters for M Wave, Pre and Post SEMS
389
Change
Pre Post (Post-Pre SEMS) p-
N=19 N=19 N=19 value?
MeantSD MeantSD MeantSD
Parameter Median (range) Median (range) Median (range)
M-max 101.8+10.0 103.03+8.5 1.314.6 0.45
100.09 (93.81, 140.82) |100.64 (94.17, 132.95)|0.73 (-7.87, 11.22)
b (Steepness) 0.2+0.2 0.2+0.2 0.02+0.04 0.10
0.2 (0.07,0.8) 0.16 (0.12, 0.87) 0.01 (-0.06, 0.08)
Mslope (Slope at 157.5+76.4 139.8+54 -17.7£55.5 0.03
50% M-max) 142.5 (44.21, 330.42) |159.03 (40.37, 207.57)-4.07 (-143.94, 59.91)
Intensity 3.01£0.6 2.8+0.78 -0.210.3 0.05
corresponding to M- | 2.8 (2.42, 4.14) 2.6 (1.79, 4.43) -0.2 (-1.03, 0.40)
max (x MT)
Intensity range (Max | 2.0+0.6 2.0+0.7 -0.0410.2 0.60
- Min) (x MT) 1.8(1.42,3.14) 1.7 (1.16, 3.5) -0.05 (-0.45, 0.36)
Sso (Intensity 2.0:0.4 1.8+0.6 -0.210.3 0.03
corresponding to 1.9 (1.51, 3.36) 1.7 (0.94, 3.35) -0.1 (-0.75, 0.22)
50% M-max) (x MT)
390 1Testing the significance of pre-post change based on F-tests of rmANOVA.
391
392 Analyses of the parameters of fitted H-reflex curve are summarized in Table 2. The

393  stimulus intensity corresponding to H-max before SEMS was higher compared to after SEMS
394  (1.57£0.14 pre-SEMS vs 1.35+0.32 post-SEMS, p=0.02, Mean+SD). The S50 parameter before
395 SEMS was also significantly higher than after SEMS (1.21+0.06 pre-SEMS vs 0.99+0.21 post-
396  SEMS, p=0.02, Mean+SD). However, H-max, b, Slope at 50% H-max and Intensity Range are not

397  significantly different before and after SEMS.

398
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399  Table 2. Descriptive Statistics of Parameters for H Reflex by Pre and Post SEMS
Pre Post Change (Post-Pre) P-
N=18 N=18 N=19 value?!
MeantSD MeantSD MeantSD
Parameter Median (range) Median (range) Median (range)
H-max 99.9+4.2 98.4+3.5 [1.5+3.7 0.26
98.7 (94.52,107.55) 08.2 (92.46,104.60) -0.8 (-10.23, 5.60)
b (Steepness) 0.1+0.02 0.1+0.02 -0.01+0.02 0.24
0.1(0.04,0.11) 0.1(0.04,0.11) 10.01 (-0.05,0.02)
Hslope (Slope at 352.7+105.1 397.2+108.3 44.5+108.2 0.29
50% H-max) 338.6(216.07,616.72) [381.4(221.45,582.10) [36.05 (-167.28,305.21)
Intensity
: 1.61£0.1 1.4+0.32 L0 o+
correspondingto | ' " 40 1 83) 1.5 (0.77, 1.78) 0.2£0.3 0.02
H-max (x MT) -0.2 (-0.72, 0.18)
Intensity range 0.6+0.14 0.6+0.2 -0.02+0.1 0.30
(Max - Min) (x MT) | 0-56 (0:40,0.83) 0.6 (0.21, 0.90) 0.02(-0.35, 0.26)
Sso (Intensity 1.2+0.06 1.0£0.2 -0.210.2 0.02
. 1.1 (0.54, 1.29) o
corresponding to 1.2 (1.11, 1.37) 0.1 (-0.62,0.10)
50% H-max) (x MT)

400 'Testing the significance of pre-post change based on F-tests of rmANOVA.

401

402  Table 3. Correlations between parameter estimates of H-reflex and M-wave

Correlation Coefficient r

(p-value)
Parameter Pre Post Change
Normalized M-Max and H-Max |-0.09 -0.12 0.46

(0.72) (0.62) (0.06)
B (Steepness) -0.05 0.25 0.08

(0.84) (0.32) (0.74)
Hslope and Mslope (at 50% of |-0.07 0.27 -0.09
Hmax and Mmax) (0.7810) (0.2838) (0.71)
Intensity corresponding to -0.24 0.31 0.75
M-max and H-max (x MT) (0.3338) (0.2047) (0.0004)
Intensity range (Max - Min) -0.24 0.13 0.41
(x MT) (0.3338) (0.6198) (0.09)
Sso (Intensity corresponding to |-0.17 0.47 0.70
50%) (x MT) (0.50) (0.047) (0.001)

403
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404  Inorder to understand whether SEMS induced changes in H-reflex and in M-wave are comparable,
405  we have also analyzed correlation between SEMS-induced changes in the parameters of H-reflex
406  and M-wave recruitment curves. As shown in Table 3, the SEMS-induced changes in the intensity
407  corresponding to M-max and H-max, as well as S50 parameters were significantly correlated for
408 M-wave and H-reflex responses (both r>0.07, p <0.001). However, important to note that Hslope
409 and Mslope at 50% of max and steepness of the curves were not correlated (r=0.09, p=0.71 and

410  1=0.08, p=0.74 respectively).

411

412 Modulation of H-reflex by SEMS train is long-lasting and sustained after stop

413 of SEMS

414 We have also examined whether the effect of SEMS are long-lasting, i.e. how long the
415  observed threshold changes were sustained by measuring H-reflex before, immediately after
416  SEMS and after 1 hour post stopping of SEMS (Fig 6). The threshold intensity required for H
417  reflex was still significantly lower after 1 hour post SEMS administration;79.8 + 3.3 % post-SEMS
418 compared to 100% pre-SEMS (n=4; p<0.05). Importantly, the decrease in the MT intensity
419  following SEMS application, however, was not associated with the changes in Hmax. Hmax
420  amplitude was 1.96 + 0.19 mV before and 1.91 + 0.12 mV after SEMS application (n =8, p =

421 0.156).

422  Figure 6. Long lasting effect of SEMS on the H-reflex. Summary of results demonstrating
423  change in the stimulation current intensity required to elicit the minimal H-reflex after SEMS

424  administration for all participants. Summary of results are presented as percent change of control
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425  for each participant, where control (before SEMS) represent 100%. Effect of SEMS in decreasing

426  threshold intensity lasts for at least 1 hour after stop of SEMS.

427

428 Effects of SEMS on TMS evoked responses

429 We have also examined whether SEMS administration may affect TMS induced responses.
430  Werecorded TMS evoked responses from hand FDI muscle before and after SEMS administration.
431  Representative traces recorded from FDI muscle before and after SEMS in the same participant
432 presented in Fig 7A. We did not observe any changes in TMS evoked responses after SEMS.
433 Percentage change of TMS evoked MEP responses is presented in Fig 7B. There was no significant
434 change in the amplitude of MEP recorded from FDI muscles after SEMS i.e. 102.6 +24.1 % (n=8;
435  p > 0.05). These results suggest that an observed effect of SEMS on H-reflex and M wave

436  responses are local and do not involve supraspinal systems.

437  Figure 7. Repeated SEMS administration does not affect the TMS-evoked responses
438  recorded from hand muscles. (A) Representative TMS evoked motor evoked potentials (MEP)
439  recorded from first dorsal interosseous (FDI) muscle from one participant before and after SEMS
440  administration. (B) Summary of results demonstrating no change in the amplitude of MEPs
441  recorded from FDI muscles in response to TMS after SEMS administration. Results are presented
442 as percent change of control for each participant. Diagram illustrating the position of TMS

443  stimulation coil and recording electrodes.

444
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aa5  Discussion

446 There are two major outcomes from this study. (1) Parameters for SEMS stimulation and
447  characteristics of CMAP responses recorded simultaneously from several leg muscles have been
448  established; results demonstrate that CMAP responses measured from different muscles in legs
449  and evoked by single-pulse SEMS applied at different spinal levels can serve as an feasible
450  approach for the neurophysiological evaluation of neural pathways innervating leg muscles. (2)
451  SEMS applied as a train of repetitive pulses may modulate the amplitude of both the direct (M-
452  wave) and reflex (H-reflex) responses recorded from SOL, MG and LG leg muscles. No previous
453  study has compared effects of repetitive SEMS on M- and H- responses of these three sections of
454  the triceps surae muscle group. Together these results suggest that SEMS may become a novel
455  non-invasive and painless tool to induce long-lasting plasticity of the lower limb spino-

456  neuromuscular circuitry.

457

458 SEMS applied at different spinal levels is an effective non-invasive stimulation

459  protocol for activation of distinct leg muscles

460 Electro-magnetic stimulation applied at the periphery i.e. over spinal roots, nerves or
461  muscles has been recently utilized in clinical research as a new painless and noninvasive approach
462  to deliver electrical excitation [13, 29]. Neurophysiological parameters obtained by measures of
463  CMAP responses evoked by lumbosacral electro-magnetic stimulation are comparable with those
464  obtained with electrical motor-root stimulation using surface electrodes [10, 38], or by inserting

465 needle electrodes into the tissues around the lumbosacral motor roots [39, 40]. However, these
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466  types of electrical stimulation often associated with pain, discomfort, and sensory disturbance, in
467  contrast to non-invasive and painless SEMS application. Systematic examination and comparison
468  of CMAP responses recorded in different leg muscles and evoked by administration of SEMS at

469  different spinal levels in same participant is understudied.

470 Several previous reports describe neurophysiological characteristics of CMAPs responses
471  evoked by SEMS. For example, positioning of the coil over the C7 spine was optimal for hand
472  muscle stimulation [41] and SEMS administration over thoracic spinal levels induced activation
473  ofleg muscles [13, 14]. Applied at lumbosacral level it was used for estimates of peripheral motor

474  nerve conduction and diagnosis of lumbosacral motor radiculopathy [42].

475 Our current study examined and described the properties of CMAP responses recorded
476  simultaneously from several muscles (soleus, MG, LG, BF, ST and VL) in both legs and evoked
477 by positioning of electro-magnetic coil at different spinal levels (T12 to S1) using stimulus of
478  various intensity (40% to 80% of coil maximum intensity). Our results demonstrate that SEMS
479  administration at different spinal levels result in activation of distinct muscles with different
480 CMAP properties. CMAP responses recorded from the same muscles were showing different
481 latencies and different amplitudes depending on the spinal level where SEMS was administered.
482  Presented results demonstrate that SEMS is an effective non-invasive tool that can activate distinct
483  pathways and diverse leg muscles when applied at different spinal levels. Together these results
484  indicate that SEMS is an appropriate approach for neurophysiological evaluation of conduction at
485  neural pathways innervating leg muscles. The measures of amplitude and latency of CMAP
486  responses recorded from various muscles in healthy individuals may serve as a reference for future

487  studies examining effects of SEMS in SCI individuals or other neurological disorders.
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488  SEMS applied as repetitive trains is an effective tool to modulate H-reflex and

489 M-response

490 Another important finding was that SEMS applied as repetitive train induced modulation
491  ofelectrically evoked M-response and H-reflex in the SOL, MG, LG muscles. The H-reflex which
492 is a response elicited by electrical stimulation of afferent (Ia sensory) fibers travels to the
493  motoneurons pool of the corresponding muscle in the spinal cord with subsequent monosynaptic
494  recruitment of alpha motor neurons and then through the efferent (motor) fibers to the muscle
495  spindles [6, 43]. H-reflex and muscle M-response evoked in the SOL muscle by the tibial nerve
496 electrical stimulation are recognized as standard tools for studying the integrity and plasticity at
497  spino-muscular circuitry [44, 45]. Any change in H-reflex amplitude under a given condition
498  reflects changes in the excitability of the afferent/motoneuron/efferent reflex pathways, while

499  changes in M-wave amplitude reflect changes in excitability in the efferent fibers only.

500 In this study we have examined effect of SEMS on the amplitude of M- and H-responses
501 recorded simultaneously from SOL, MG and LG muscles. Although all these three muscles belong
502 to triceps surae muscle group, these muscles differ in function, composition, and innervation [45].
503  Comparison of the effects of SEMS on M- and H- responses of these muscles have not been

504  described by other groups.

505 Our results demonstrate that application of SEMS for 30 mins at 0.2Hz frequency induced
506  substantial facilitation of both M-response and H-reflex in all three SOL, MG and LG muscles. To
507  Dbetter characterize the SEMS-induced modulation of M- and H-responses we have analyzed the
508 effects of SEMS on the recruitment curves that have been obtained from SOL muscles. Results

509  suggest that effects of repetitive SEMS associated with the significant leftward shift of the
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510 recruitment curves for both M- and H-responses. Effects of SEMS on H-reflex and M-wave were
511  associated with a marked decrease in the threshold currents to evoke H- and M-responses, with no
512  change in latencies of these responses. This effect of SEMS lasted for at least 1 hour after stopping
513  of SEMS. The leftward shift of the recruitment curve for H-reflex and the decrease in MT current
514 intensity to evoke the H-reflex after SEMS application was not associated with changes in the
515 amplitude of Hmax (Figs. 4, 5), known as an estimate of the number of motor neurons (MNs)s that
516  could be activated [46, 47]. Although the mechanisms underlying effects of repetitive SEMS on
517  neural plasticity are yet to be discovered, SEMS-induced a leftward shift of the recruitment curve
518 and a decrease of the MT for both M- and H- responses clearly indicate that prolonged (30 min)
519 application of pulsed SEMS at low (0.2 Hz) frequency induces substantial changes in the

520 excitability of spino-muscular circuitries.

521

522 Comparison of the effects of SEMS with other types of stimulation to modulate

523 H-reflex and M-response

524 Our results of the neuromodulation of M-wave and H-reflex responses induced by non-
525 invasive SEMS application is similar to results reported by other types of stimulation techniques.
526 For example similar modulation of M-wave and H-reflex responses was reported with
527  transcutaneous direct current stimulation (tsDCS), where tsDCS paired with transcranial magnetic
528  stimulation TMS induced substantial reduction in the motor threshold for both M- and H-
529  responses [48]. Applied alone, tsDCS was found to modulate characteristics of M-wave and H-
530 reflex as well, with type of modulation depending on applied current polarity, i.e. anodal or

531  cathodal current application [49-51]. This type of neuromodulation has been attributed to changes
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532 in the efficacy of the la fiber-motoneuron synapse [52, 53], or excitability at spino-neuromuscular
533  circuitry [51]. Modulation of synaptic transmission within the spinal cord may involve changes in
534  several neural properties, including changes in membrane potential with a corresponding changes
535 in synaptic activity [54, 55] and/or modulation of neuronal firing rate [56, 57]. Several reports
536  suggest the primary role of modulation of axonal excitability in the effects of tsDCS [51, 58, 59].
537  Effect of tsDCS on axonal excitability was suggested to be attributed to depolarizing current
538 interaction with axonal voltage-gated Na+ channels [60, 61]. Long-lasting effects of tcDCS on H-
539 reflex has been suggested to be a result of triggering a self-sustained opening of ‘persistent’ Na+
540 channels [51], known to be able to keep the membrane potential steadily depolarized [62] and alter

541 the distribution of proteins on the plasmatic membrane [63].

542 SEMS and established electrical stimulation techniques may, however, act differently on
543  neural plasticity and have different effects within spino-muscular circuits. In contrast to electrical
544  stimulation, it has been reported that SEMS activates deep conductive structures, produces strong
545  muscle contractions and recruits proprioceptive afferents with minimal cutaneous recruitment of
546  sensory fibers [64-66]. While there are some differences between SEMS and tcDCS induced
547  neuromodulations we do not exclude a possibility that these cellular mechanisms suggested to
548  describe the modulatory effects of the tcDCS may be involved in the reporting here neuroplasticity
549  induced by non-invasive SEMS. Although the intrinsic processes underlying the effects of SEMS
550 on M- and H-responses reported in this study require further examination, our results strongly
551  suggest that SEMS is an effective and non-invasive approach to modulate function in spino-

552 neuromuscular circuitry.

553 Results of our analyses demonstrate strong correlation of some parameters (i.e. Normalized

554  Mmax and Hmax; Intensity corresponding to Mmax and Hmax; S50; intensity corresponding to
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555  50% of max response), but lack of correlation of other parameters of H-reflex and M-wave
556  recruitment curves such as steepness of the fitted recruitment curves, intensity range and changes
557  of H-slope and M-slope at 50% of Hmax and Mmax. These observations suggest that SEMS may
558 exert its modulatory action at the level of (i) spinal neural networks, including efficacy of synaptic
559 transmission and/or neuron membrane potentials, or (i1) modulating properties of peripheral nerve,
560 1i.e. excitability of the afferent sensory and/or efferent motor axons, or (iii) occurs at both spinal
561 and peripheral levels. Experiments using animal models are required to determine the mechanisms

562 that underlay the SEMS induced neuroplasticity and these experiments are on-going.

563 In conclusion, reported here for the first time the ability of the SEMS to exert the long-
564 lasting modulation of excitability at spino-neuromuscular circuitry. suggests a potential
565 application of SEMS in clinics for number of spinal or peripheral nerve conditions. Thus
566  modulating the strength of the motor and sensory inputs could lead to a change of the H-reflex
567  characteristics [67]. SEMS could be also used for improving the diminished axonal conduction as
568 is the case of many clinical neurological disorders [68], including SCI [2, 3], as it has been

569  demonstrated using animal SCI models [1, 4, 22].

570
571 Acknowledgements

572  The authors appreciate the technical assistance of Mohammed Harb.

573


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

30
574 References
575 1. Hunanyan AS, Petrosyan HA, Alessi V, Arvanian VL. Repetitive spinal electromagnetic
576 stimulation opens a window of synaptic plasticity in damaged spinal cord: role of NMDA
577 receptors. J Neurophysiol. 2012; 107: 3027-39.
578 2. Arvanian VL, Schnell L, Lou L, Golshani R, Hunanyan A, Ghosh A, Pearse DD, Robinson
579 JK, Schwab ME, Fawcett JW, Mendell LM. Chronic spinal hemisection in rats induces a
580 progressive decline in transmission in uninjured fibers to motoneurons. Exp Neurol. 2009; 216:
581 471-80.
582 3. Hunanyan AS, Alessi V, Patel S, Pearse DD, Matthews G, Arvanian VL. Alterations of
583 action potentials and the localization of Navl.6 sodium channels in spared axons after
584 hemisection injury of the spinal cord in adult rats. J Neurophysiol. 2011; 105: 1033-44.
585 4. Petrosyan HA, Alessi V, Hunanyan AS, Sisto SA, Arvanian VL. Spinal electro-magnetic
586 stimulation combined with transgene delivery of neurotrophin NT-3 and exercise: novel
587 combination therapy for spinal contusion injury. J Neurophysiol. 2015; 114: 2923-40.
588 5. Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic stimulation of human motor
589 cortex. Lancet. 1985; 1: 1106-7.
590 6. Capaday C. Neurophysiological methods for studies of the motor system in freely moving
591 human subjects. J Neurosci Methods. 1997; 74: 201-18.
592 7. Knikou M. The H-reflex as a probe: pathways and pitfalls. J Neurosci Methods. 2008; 171:
593 1-12.
594 8. Swash M, Snooks SJ. Slowed motor conduction in lumbosacral nerve roots in cauda equina

595 lesions: a new diagnostic technique. J Neurol Neurosurg Psychiatry. 1986; 49: 808-16.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

31
596 9. Chang CW, Lien IN. Spinal nerve stimulation in the diagnosis of lumbosacral
597 radiculopathy. Am J Phys Med Rehabil. 1990; 69: 318-22.
598 10. Ugawa Y, Rothwell JC, Day BL, Thompson PD, Marsden CD. Magnetic stimulation over
599 the spinal enlargements. J Neurol Neurosurg Psychiatry. 1989; 52: 1025-32.
600 11. Britton TC, Meyer BU, Herdmann J, Benecke R. Clinical use of the magnetic stimulator
601 in the investigation of peripheral conduction time. Muscle Nerve. 1990; 13: 396-406.
602 12. Maccabee PJ, Amassian VE, Cracco RQ, Cracco JB, Eberle L, Rudell A. Stimulation of
603 the human nervous system using the magnetic coil. J Clin Neurophysiol. 1991; 8: 38-55.
604 13. Gerasimenko Y, Gorodnichev R, Machueva E, Pivovarova E, Semyenov D, Savochin A,
605 Roy RR, Edgerton VR. Novel and direct access to the human locomotor spinal circuitry. J
606 Neurosci. 2010; 30: 3700-8.
607 14. Knikou M. Neurophysiological characterization of transpinal evoked potentials in human
608 leg muscles. Bioelectromagnetics. 2013; 34: 630-40.
609 15. Matsumoto H, Hanajima R, Terao Y, Ugawa Y. Magnetic-motor-root stimulation: review.
610 Clin Neurophysiol. 2013; 124: 1055-67.
611 16. Kobayashi M, Pascual-Leone A. Transcranial magnetic stimulation in neurology. Lancet
612 Neurol. 2003; 2: 145-56.
613 17. Wassermann EM, Zimmermann T. Transcranial magnetic brain stimulation: therapeutic
614 promises and scientific gaps. Pharmacol Ther. 2012; 133: 98-107.
615 18. Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic stimulation of human motor
616 cortex. Lancet. 1985; 1: 1106-7.
617 19. Rossini PM, Rossi S. Transcranial magnetic stimulation: diagnostic, therapeutic, and

618 research potential. Neurology. 2007; 68: 484-8.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

32
619 20. Hallett M. Transcranial magnetic stimulation: a primer. Neuron. 2007; 55: 187-99.
620 21. Curt A, Keck ME, Dietz V. Functional outcome following spinal cord injury: significance
621 of motor-evoked potentials and ASIA scores. Arch Phys Med Rehabil. 1998; 79: 81-6.
622 22. Petrosyan HA, Alessi V, Sisto SA, Kaufman M, Arvanian VL. Transcranial magnetic
623 stimulation (TMS) responses elicited in hind limb muscles as an assessment of synaptic
624 plasticity in spino-muscular circuitry after chronic spinal cord injury. Neurosci Lett. 2017; 642:
625 37-42.
626 23. Nielsen JF, Sinkjaer T, Jakobsen J. Treatment of spasticity with repetitive magnetic
627 stimulation; a double-blind placebo-controlled study. Mult Scler. 1996; 2: 227-32.
628 24. Krause P, Straube A. Reduction of spastic tone increase induced by peripheral repetitive
629 magnetic stimulation is frequency-independent. NeuroRehabilitation. 2005; 20: 63-5.
630 25. Fujishiro T, Takahashi S, Enomoto H, Ugawa Y, Ueno S, Kitamura T. Magnetic
631 stimulation of the sacral roots for the treatment of urinary frequency and urge incontinence: an
632 investigational study and placebo controlled trial. J Urol. 2002; 168: 1036-9.
633 26. Bycroft JA, Craggs MD, Sheriff M, Knight S, Shah PJ. Does magnetic stimulation of sacral
634 nerve roots cause contraction or suppression of the bladder? Neurourol Urodyn. 2004; 23: 241-
635 5.
636 27. Lin VW, Singh H, Chitkara RK, Perkash I. Functional magnetic stimulation for restoring
637 cough in patients with tetraplegia. Arch Phys Med Rehabil. 1998; 79: 517-22.
638 28. Beaulieu LD, Schneider C. Effects of repetitive peripheral magnetic stimulation on normal

639 or impaired motor control. A review. Neurophysiol Clin. 2013; 43: 251-60.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

33
640 29. Beaulieu LD, Schneider C. Repetitive peripheral magnetic stimulation to reduce pain or
641 improve sensorimotor impairments: A literature review on parameters of application and
642 afferents recruitment. Neurophysiol Clin. 2015; 45: 223-37.
643 30. Yamanishi T, Sakakibara R, Uchiyama T, Suda S, Hattori T, Ito H, Yasuda K. Comparative
644 study of the effects of magnetic versus electrical stimulation on inhibition of detrusor
645 overactivity. Urology. 2000; 56: 777-81.
646 31. Massé-Alarie H, Beaulieu LD, Preuss R, Schneider C. Repetitive peripheral magnetic
647 neurostimulation of multifidus muscles combined with motor training influences spine motor
648 control and chronic low back pain. Clin Neurophysiol. 2017; 128: 442-453.
649 32. Arvanian VL Petrosyan HA, Sisto SA, Kaufman MA. Non-invasive electromagnetic
650 stimulation of neuro-muscular circuitry: translating from animal research to clinic. Soc
651 Neurosci 2017; Abstr 143.03/DD3.
652 33. Klimstra M, Zehr EP. A sigmoid function is the best fit for the ascending limb of the
653 Hoffmann reflex recruitment curve. Exp Brain Res. 2008; 186: 93-105.
654 34. Wasserstein R, Lazar N. The ASA's Statement on p-Values: Context, Process, and Purpose.
655 The American Statistician. 2016; 70: 129-133.
656 35. Perneger TV. What's wrong with Bonferroni adjustments. BMJ. 1998; 316: 1236-8.
657 36. Rothman KJ. No adjustments are needed for multiple comparisons. Epidemiology. 1990;
658 1: 43-6.
659 37. Petrosyan HA, Alessi V, Sniffen J, Sisto SA, Fiore S, Davis R, Kaufman M, Arvanian VL.
660 Safety of titanium rods used for spinal stabilization during repetitive magnetic stimulation.

661 Clin Neurophysiol. 2015; 126: 2405-6.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

34
662 38. Matsumoto H, Octaviana F, Terao Y, Hanajima R, Yugeta A, Hamada M, Inomata-Terada
663 S, Nakatani-Enomoto S, Tsuji S, Ugawa Y. Magnetic stimulation of the cauda equina in the
664 spinal canal with a flat, large round coil. J Neurol Sci. 2009; 284:46-51.
665 39. Macdonell RA, Cros D, Shahani BT. Lumbosacral nerve root stimulation comparing
666 electrical with surface magnetic coil techniques. Muscle Nerve. 1992; 15: 885-90.
667 40. Secil Y, Ekinci AS, Bayram KB, Incesu TK, Tokugoglu F, Giirgdér N, Ozdemirkiran T,
668 Basoglu M, Ertekin C. Diagnostic value of cauda equina motor conduction time in lumbar
669 spinal stenosis. Clin Neurophysiol. 2012; 123: 1831-5.
670 41. Chokroverty S, Sachdeo R, Dilullo J, Duvoisin RC. Magnetic stimulation in the diagnosis
671 of lumbosacral radiculopathy. J Neurol Neurosurg Psychiatry. 1989; 52: 767-72.
672 42. Banerjee TK, Mostofi MS, Us O, Weerasinghe V, Sedgwick EM. Magnetic stimulation in
673 the determination of lumbosacral motor radiculopathy. Electroencephalogr Clin Neurophysiol.
674 1993; 89: 221-6.
675 43. Magladery JW, Mcdougal DB Jr. Electrophysiological studies of nerve and reflex activity
676 in normal man. I. Identification of certain reflexes in the electromyogram and the conduction
677 velocity of peripheral nerve fibers. Bull Johns Hopkins Hosp. 1950; 86: 265-90.
678 44, Mezzarane RA, Kohn AF. Bilateral soleus H-reflexes in humans elicited by simultaneous
679 trains of stimuli: symmetry, variability, and covariance. J Neurophysiol. 2002; 87: 2074-83.
680 45. Alrowayeh HN, Sabbahi MA, Etnyre B. Similarities and differences of the soleus and
681 gastrocnemius H-reflexes during varied body postures, foot positions, and muscle function:
682 multifactor designs for repeated measures. BMC Neurol. 2011; 11:65.
683 46. Pierrot-Deseilligny E, Mazevet D. The monosynaptic reflex: a tool to investigate motor

684 control in humans. Interest and limits. Neurophysiol Clin. 2000; 30: 67-80.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

35
685 47. Palmieri RM, Ingersoll CD, Hoffman MA. The hoffmann reflex: methodologic
686 considerations and applications for use in sports medicine and athletic training research. J Athl
687 Train. 2004; 39: 268-77.
688 48. Dixon L, Ibrahim MM, Santora D, Knikou M. Paired associative transspinal and
689 transcortical stimulation produces plasticity in human cortical and spinal neuronal circuits. J
690 Neurophysiol. 2016; 116: 904-16.
691 49. Lamy JC, Ho C, Badel A, Arrigo RT, Boakye M. Modulation of soleus H reflex by spinal
692 DC stimulation in humans. J Neurophysiol. 2012; 108: 906-14.
693 50. Bocci T, Marceglia S, Vergari M, Cognetto V, Cogiamanian F, Sartucci F, Priori A.
694 Transcutaneous spinal direct current stimulation modulates human corticospinal system
695 excitability. J Neurophysiol. 2015; 114: 440-6.
696 51. Bolzoni F, Esposti R, Bruttini C, Zenoni G, Jankowska E, Cavallari P. Direct current
697 stimulation modulates the excitability of the sensory and motor fibres in the human posterior
698 tibial nerve, with a long-lasting effect on the H-reflex. Eur J Neurosci. 2017; 46: 2499-2506.
699 52. Nitsche MA, Nitsche MS, Klein CC, Tergau F, Rothwell JC, Paulus W. Level of action of
700 cathodal DC polarisation induced inhibition of the human motor cortex. Clin Neurophysiol.
701 2003; 114: 600-4.
702 53. Winkler T, Hering P, Straube A. Spinal DC stimulation in humans modulates post-
703 activation depression of the H-reflex depending on current polarity. Clin Neurophysiol. 2010;
704 121: 957-61.
705 54. Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, Lu B. Direct current
706 stimulation promotes BDNF-dependent synaptic plasticity: potential implications for motor

707 learning. Neuron. 2010; 66: 198-204.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

36
708 55. Marquez-Ruiz J, Leal-Campanario R, Sanchez-Campusano R, Molaee-Ardekani B,
709 Wendling F, Miranda PC, Ruffini G, Gruart A, Delgado-Garcia JM. Transcranial direct-current
710 stimulation modulates synaptic mechanisms involved in associative learning in behaving
711 rabbits. Proc Natl Acad Sci U S A. 2012; 109: 6710-5.
712 56. Bindman LJ, Lippold OC, Redfearn JW. The action of brief polarizing currents on the
713 cerebral cortex of the rat (1) during current flow and (2) in the production of long-lasting after-
714 effects. J Physiol. 1964; 172:369-82.
715 57. Gartside IB. Mechanisms of sustained increases of firing rate of neurons in the rat cerebral
716 cortex after polarization: reverberating circuits or modification of synaptic conductance?
717 Nature. 1968; 220: 382-3.
718 58. Ardolino G, Bossi B, Barbieri S, Priori A. Non-synaptic mechanisms underlie the after-
719 effects of cathodal transcutaneous direct current stimulation of the human brain. J Physiol.
720 2005; 568: 653-63.
721 59. Ravid EN, Gan LS, Todd K, Prochazka A. Nerve lesioning with direct current. J Neural
722 Eng. 2011; 8: 016005.
723 60. Bostock H, Cikurel K, Burke D. Threshold tracking techniques in the study of human
724 peripheral nerve. Muscle Nerve. 1998; 21: 137-58.
725 61. Kiernan MC, Bostock H. Effects of membrane polarization and ischaemia on the
726 excitability properties of human motor axons. Brain. 2000; 12: 2542-51.
727 62. Bostock H, Rothwell JC. Latent addition in motor and sensory fibres of human peripheral

728 nerve. J Physiol. 1997; 498: 277-94.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/382341; this version posted August 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

37
729 63. Stollberg J, Fraser SE. Acetylcholine receptors and concanavalin A-binding sites on
730 cultured Xenopus muscle cells: electrophoresis, diffusion, and aggregation. J Cell Biol. 1988;
731 107: 1397-408.
732 64. Kunesch E, Knecht S, Classen J, Roick H, Tyercha C, BeneckeR. Somatosensory evoked
733 potentials (SEPs) elicited by magnetic nerve stimulation. Electroencephalogr Clin
734 Neurophysiol. 1993; 88: 459-67.
735 65. Struppler A, Havel P, Miiller-Barna P. Facilitation of skilled finger movements by
736 repetitive peripheral magnetic stimulation (RPMS) - a new approach in central paresis.
737 NeuroRehabilitation. 2003; 18: 69-82.
738 66. Struppler A, Binkofski F, Angerer B, Bernhardt M, Spiegel S, Drzezga A, Bartenstein P.
739 A fronto-parietal network is mediating improvement of motor function related to repetitive
740 peripheral magnetic stimulation: A PET-H2015 study. Neuroimage. 2007; 36: T174-86.
741 67. Thompson AK, Wolpaw JR. Restoring walking after spinal cord injury: operant
742 conditioning of spinal reflexes can help. Neuroscientist. 2015; 21: 203-15.
743 68. Kiernan MC, Kaji R. Physiology and pathophysiology of myelinated nerve fibers.

744 Handb Clin Neurol. 2013; 115: 43-53.


https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/



https://doi.org/10.1101/382341
http://creativecommons.org/licenses/by/4.0/

