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Neurophysiological changes that involve activity-dependent neuroplasticity mechanisms

via repeated stimulation and locomotor training are not commonly employed in research

even though combination of interventions is a common clinical practice. In this

randomized clinical trial, we established neurophysiological changes when transcranial

magnetic stimulation (TMS) of the motor cortex was paired with transcutaneous

thoracolumbar spinal (transspinal) stimulation in human spinal cord injury (SCI) delivered

during locomotor training. We hypothesized that TMS delivered before transspinal

(TMS-transspinal) stimulation promotes functional reorganization of spinal networks

during stepping. In this protocol, TMS-induced corticospinal volleys arrive at the

spinal cord at a sufficient time to interact with transspinal stimulation induced

depolarization of alpha motoneurons over multiple spinal segments. We further

hypothesized that TMS delivered after transspinal (transspinal-TMS) stimulation induces

less pronounced effects. In this protocol, transspinal stimulation is delivered at time

that allows transspinal stimulation induced action potentials to arrive at the motor

cortex and affect descending motor volleys at the site of their origin. Fourteen

individuals with motor incomplete and complete SCI participated in at least 25

sessions. Both stimulation protocols were delivered during the stance phase of the

less impaired leg. Each training session consisted of 240 paired stimuli delivered

over 10-min blocks. In transspinal-TMS, the left soleus H-reflex increased during the

stance-phase and the right soleus H-reflex decreased at mid-swing. In TMS-transspinal

no significant changes were found. When soleus H-reflexes were grouped based on

the TMS-targeted limb, transspinal-TMS and locomotor training promoted H-reflex

depression at swing phase, while TMS-transspinal and locomotor training resulted

in facilitation of the soleus H-reflex at stance phase of the step cycle. Furthermore,

both transspinal-TMS and TMS-transspinal paired-associative stimulation (PAS) and

locomotor training promoted a more physiological modulation of motor activity and

thus depolarization of motoneurons during assisted stepping. Our findings support that
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FIGURE 4 | Soleus H-reflex modulation during assisted stepping before and after TMS-transspinal PAS and locomotor training. The mean soleus H-reflex amplitude

recorded from the left and right legs (A,D) before (black lines) and after (red lines) TMS-transspinal PAS and locomotor training, along with the soleus H-reflex

amplitude plotted against the soleus EMG background activity (B,E). The 16 points in graphs (B,E) correspond to the 16 bins of the step cycle. The overall amplitude

of the slope and intercept for the left (C) and right (F) legs resulting from the linear relationship between the mean amplitude of the soleus H-reflex and EMG

background. EMG, electromyogram; PAS, paired associative stimulation; TMS, transcranial magnetic stimulation. Error bars indicate the SEM.

ANOVA showed a non-significant effect between time [F(1,121)
= 3.1, p= 0.08].

Locomotor EMG Activity After
Transspinal/TMS PAS and Locomotor
Training
The activation profiles and amplitude of locomotor EMG activity
from left and right legs for subjects with motor incomplete
and complete SCI during robotic assisted stepping before and
after each intervention paradigm are indicated in Figures 9,
10. Maximal peak-to-peak EMG amplitudes increased following
transspinal-TMS PAS and locomotor training for the left SOL
(t = 2.98, p = 0.04), TA (t = 5.895, p = 0.004), and GRC
(t = 2.865, p = 0.045), and right TA (t = 2.877, p = 0.034)
muscles (Figure 9A). No significant changes were observed in

the remaining muscles (p > 0.05; Figure 9B). Note that the
increased TA EMG activity coincided with significant changes
in the amplitude, onset and offset in the ipsilateral knee
flexor and knee extensor muscles after training compared with
that observed before training (Figure 9). Similar results were
observed after TMS-transspinal PAS and locomotor training,
during which maximal peak-to-peak EMG amplitudes were
increased in incomplete SCI for left SOL and PL and knee flexors
and extensors (Figure 10A). An improvement of bilateral SOL
andMHEMG amplitude was also observed after the intervention
in people with motor complete SCI (Figure 10B). Lastly, it
should bementioned that although changes in themaximal peak-
to-peak EMG was not observed, the altered phase-dependent
modulation is suggestive of greater motoneuron recruitment
and that motoneuron recruitment was relevant to the phase of
the step cycle, which is a prerequisite for decreased spastic gait
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FIGURE 5 | Effects of transspinal and TMS PAS and locomotor training on soleus H-reflex during assisted stepping. Overall amplitude of the soleus H-reflex before

and after transspinal-TMS PAS (A) and TMS-transspinal PAS (B) and locomotor training grouped for each protocol based on the targeted less impaired leg by TMS.

The step cycle was divided into 16 equal bins. Bin 1 corresponds to heel strike. Bins 8, 9, and 16 correspond approximately to stance-to-swing transition, swing

phase initiation, and swing-to-stance transition, respectively. PAS, paired associative stimulation; TMS, transcranial magnetic stimulation. Error bars indicate the

SEM. *p < 0.05.
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FIGURE 6 | Effects of transspinal-TMS PAS and locomotor training on soleus H-reflex input-output curves. Soleus M-waves and H-reflex recruitment input-output

curves recorded at different stimulation intensities from the left (A,D) and right (B,E) legs during standing with body weight support before and after transspinal-TMS

PAS and locomotor training. Sigmoid functions are fitted to the input-output curves. (C,F) Corresponding predicted Hmax and Hmax/Mmax for the left (C) and right

(F) legs. Hmax, maximal H-reflex; Mmax, maximal M-wave; PAS, paired associative stimulation; TMS, transcranial magnetic stimulation. Error bars indicate the SEM.

*p < 0.05.

pattern. The changes in motoneuron pool activity after training
can be summarized by an increase in EMG amplitude, and
restoration of biphasic (when a muscle contracts in more than
one phase within a single step cycle) EMG activity.

DISCUSSION

In this randomized clinical trial, we demonstrated for the
first time reported in the literature significant changes in
soleus H-reflex phase-dependent amplitude modulation after
locomotor training coupled with paired transspinal and TMS
in people with chronic motor incomplete and complete SCI.
After transspinal-TMS PAS and locomotor training the left
soleus H-reflex was facilitated during the mid-stance and
early-swing, while the soleus H-reflex in the right leg was
depressed during the mid-swing. Further, soleus H-reflex input-
output curve was decreased in the right leg at rest. TMS-
transspinal PAS and locomotor training did not produce
significant changes on the soleus H-reflex during stepping or
at rest. When H-reflexes were grouped based on the TMS-
targeted leg, transspinal-TMS PAS and locomotor training
improved reflex inhibition during the swing phase, while TMS-
transspinal PAS and locomotor training improved excitation and

stabilization of reflexively induced motoneuronal depolarization
during the stance phase. Furthermore, both transspinal-TMS and
TMS-transspinal PAS and locomotor training increased EMG
amplitude and promoted a more physiological modulation of
motor activity and thus depolarization of motoneurons in a
pattern that promotes stepping.

During walking, appropriate engagement of spinal neuronal

circuits at each phase of the step is reflected by the phase-
dependent amplitude modulation of the soleus H-reflex. In

neurologically intact individuals, soleus H-reflex amplitudes are

minimal during swing and at heel contact, increase rapidly

during stance, and decrease abruptly after toe-off (42, 46).
SCI disrupts this phase-dependent soleus H-reflex amplitude
modulation during walking, varying from relatively normal in
some patients to completely absent in others (7, 8, 12, 39, 47).
The most common change observed after locomotor training
is the partial return of soleus H-reflex depression during the
swing phase; but extensor motoneuron excitability during the
stance phase remains unstable (12, 39). Consequently, the
amplitude modulation of H-reflexes during walking depicts
pathological changes of spinal circuits in individuals with SCI,
and beneficial circuit reorganization after locomotion-based
therapeutic interventions.
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FIGURE 7 | Effects of TMS-transspinal PAS and locomotor training on soleus H-reflex input-output curves. Soleus M-waves and H-reflex recruitment input-output

curves recorded at different stimulation intensities from the left (A,D) and right (B,E) legs during standing with body weight support before and after TMS-transspinal

PAS and locomotor training. Sigmoid functions are fitted to the input-output curves. (C,F) Corresponding predicted Hmax and Hmax/Mmax for the left (C) and right

(F) legs. Hmax, maximal H-reflex; Mmax, maximal M-wave; PAS, paired associative stimulation; TMS, transcranial magnetic stimulation. Error bars indicate the SEM.

For the first time reported in the literature, this clinical
trial focused on coupling locomotor training with paired
stimulation of the nervous system taking advantage of Hebbian
mechanisms of neuroplasticity (33, 48, 49). PAS was timed to
occur during the stance phase because transspinal stimulation
produces bilateral leg extension at rest and during standing in
people with and without SCI (37, 50, 51). In the transspinal-
TMS PAS and locomotor training protocol, the transspinal
stimulation induced ascending afferent volleys reached primary
motor cortex at time that allowed to affect the descending
motor volleys at their site of origin (26). This pathway of action
is supported by increased corticospinal and decreased spinal
reflex excitability and spinal motor output when transspinal-
TMS PAS is delivered at rest for 40-min in healthy subjects
(30, 31). The increased H-reflex excitability during stance phase
in the left leg is suggestive of motoneuronal depolarization
potentiation, while the return of spinal inhibition at mid-
swing in the right leg (bin 12) suggests for reorganization
of reciprocal inhibition pathway between ankle flexors and
extensors (Figure 3). Consequently, transspinal stimulation in
the transspinal-TMS PAS and locomotor training protocol could
have affected descending control of spinal motoneurons and
interneurons, especially Ia inhibitory interneurons (52–54), as
well as the interneurons engaged in pre-motoneuronal control

and phasic presynaptic GABAergic inhibitory action on afferent
volleys (2, 55–60). This is clearly evident by the lack of effects
following TMS-transspinal PAS and locomotor training protocol
(Figure 4), and the differential H-reflex neuroplastic changes
when data were grouped based on the targeted TMS leg during
the training intervention (Figure 5). The latter suggests that
spinal reflex reorganization can result partly from strengthening
corticospinal neural connections through PAS protocols.

Stimulation of the brain and spinal cord synchronized
to the phase of the step cycle may have the potential to
augment the benefits of activity-based therapies and further
decrease hyperreflexia and muscle spasticity by restoring
pre-motoneuronal inhibitory control, motoneuron excitability
through recovery of homeostasis and adjusting neuronal
properties, such as threshold excitability state (61). Such
mechanisms are also involved in neurophysiological biofeedback
training protocols, such as operant conditioning of reflexes
that improve locomotion and interlimb coordination (47, 62).
Thus, repeated motor activity accomplished by exercise-based
or stimulation-based protocols, use similar neuronal pathways
enhancing changes in neuronal excitability states as well as the
synaptic integration of sensory feedback.

Based on the specific SCI-induced pathological behavior
of reflex modulation during stepping transspinal-TMS or
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FIGURE 8 | Soleus H-reflex recruitment input-output curves before and after training grouped based on TMS targeted leg. Soleus H-reflex recruitment input-output

curves grouped based on the TMS less impaired targeted leg recorded at different stimulation intensities during body weight supported standing before and after

transspinal-TMS (A) PAS and TMS-transspinal PAS (B) and locomotor training. Sigmoid functions are fitted to the input-output curves. PAS, paired associative

stimulation; TMS, transcranial magnetic stimulation.
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FIGURE 9 | Mean muscle activation pattern before and after transspinal-TMS PAS and locomotor training during assisted stepping. Left and right leg locomotor

muscle EMG activity during stepping before (black lines) and after (red lines) transspinal-TMS PAS and locomotor training from participants with incomplete (A) and

complete SCI (B). EMG is normalized to the maximal homologous EMG obtained during stepping before training. Heel strike is at zero normalized gait cycle. EMG,

electromyographic; GRC, gracilis; MH, medial hamstrings; MG, medialis gastrocnemius; PAS, paired associative stimulation; PL, peroneus longus; SOL, soleus; TA,

tibialis anterior; TMS, transcranial magnetic stimulation; VL, vastus lateralis; VM, vastus medialis. *p < 0.05.

TMS-transspinal PAS may provide a targeted intervention. For
example, reduced inhibition of the soleus H-reflex during the
swing phase, which may cause toe-drag, can be targeted to
be reduced by transspinal-TMS PAS. Further, the resemblance
between the reflex reorganization observed in this study and

locomotor training alone in individuals with SCI (12, 13, 39, 41),
support the use of combined interventions that target stimulation
of the brain and spinal cord with exercise-based therapies.

Several methodological limitations in the current study
warrant consideration. Neurophysiological tests were not
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FIGURE 10 | Mean muscle activation pattern before and after TMS-transspinal PAS and locomotor training during assisted stepping. Left and right leg locomotor

muscle EMG activity during stepping before (black lines) and after (red lines) TMS-transspinal PAS and locomotor training from participants with incomplete (A) and

complete SCI (B). EMG is normalized to the maximal homologous EMG obtained during stepping before training. Heel strike is at zero normalized gait cycle. EMG,

electromyographic; GRC, gracilis; MH, medial hamstrings; MG, medialis gastrocnemius; PAS, paired associative stimulation; PL, peroneus longus; SOL, soleus; TA,

tibialis anterior; TMS, transcranial magnetic stimulation; VL, vastus lateralis; VM, vastus medialis. *p < 0.05.

performed at different time points following cessation of the
intervention. Thus, we cannot comment on the sustainability
of neuroplasticity and neurorecovery beyond 1–2 days. Further,
participants received an average of 25 sessions. However, a
consensus regarding the adequate “dosages” of locomotor

training does not exist (63, 64). Future studies are warranted
to assess the time course of neuroplasticity while administering
more training sessions. In addition, there were no control
experiments performed because of the complexity of the
research. Possible control experiments for this protocol include
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brain or transspinal stimulation alone, or locomotor training
without stimulation. Our group has collected data from TMS
evoked MEPs, but analysis has yet to be completed. Last,
both intervention protocols guarantee testing in cases of
subacute SCI (65).

It is important to note that the PAS protocol used in
the current clinical trial is uniquely different from PAS
protocols targeting the brain and peripheral nerves (33, 66,
67). In the current protocol, transspinal instead of peripheral
nerve stimulation excited sensory fibers, motoneurons, and
spinal interneurons over multiple segments causing widespread
activity within the spinal cord affecting intra- and interlimb
coordination. In contrast, paired TMS and peripheral nerve
protocols target motoneurons and muscles specific to the
stimulated peripheral nerve. This specificity of paired TMS and
peripheral nerve stimulation may limit the effects to intralimb
activity. Implementing PAS protocols during locomotor training,
such as in the current study, in rehabilitation clinics may be
beneficial to individuals with SCI they are, however, exceedingly
difficult from a practical standpoint. Future studies may
examine whether priming the nervous system with transspinal-
transcortical PAS before locomotor training is equally beneficial.

This study provides evidence that TMS and transspinal
PAS during step training alters soleus H-reflex excitability in
individuals with chronic SCI. The neurophysiological changes
were observed in both limbs even in cases of motor complete
SCI. We theorize that TMS and transspinal PAS during stepping
can drive neuroplasticity, exclusively by sensory feedback
mechanisms, and may strengthen corticospinal connections
in neurological disorders characterized by weak or absent
corticospinal drive, but more research is needed. Restoration
of phase-dependent soleus H-reflex amplitude modulation and
EMG amplitude during assisted stepping could potentially
facilitate appropriate control of leg muscles during locomotion in
this patient population. In conclusion, non-invasive transspinal
and TMS PAS warrant further investigation as an intervention
that potentially may lead to improvements in leg function
and supplement the benefits of locomotor training in people
with SCI.
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