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stimulus intensity. A sigmoid function was also fitted to 
the normalized soleus H-reflexes on the ascending limb of 
the recruitment curve. After training, soleus H-reflex excit-
ability was increased in both legs in AIS C subjects, and 
remained unchanged in AIS A-B and AIS D subjects dur-
ing standing. When subjects were seated, soleus H-reflex 
excitability was decreased after training in many AIS C and 
D subjects. Changes in reflex excitability coincided with 
changes in stimulation intensities at H-threshold, 50 % 
maximal H-reflex, and at maximal H-reflex, while an inter-
action between leg side and AIS scale for the H-reflex slope 
was also found. Adaptations of the intrinsic properties of 
soleus motoneurons and Ia afferents, the excitability profile 
of the soleus motoneuron pool, oligosynaptic inputs, and 
corticospinal inputs may all contribute to these changes. 
The findings of this study demonstrate that locomotor train-
ing impacts the amplitude of the monosynaptic motoneuron 
responses based on the demands of the motor task in peo-
ple with chronic SCI.

Keywords Input–output curve · Neuroplasticity · 
Neuromodulation · Rehabilitation · Recruitment · Soleus 
H-reflex · Spinal cord injury · Treadmill training · Plasticity

Introduction

One key change following an injury to the spinal cord 
is altered excitability of spinal neurons. This has been 
linked to changes in the electrical, biophysical, physi-
ological, and morphological properties of spinal moto-
neurons and interneurons (Cope et al. 1986; Hochman and 
McCrea 1994a, b; Bennett et al. 2001; Beaumont et al. 
2004; Heckmann et al. 2005; Button et al. 2008). Similar 
changes have been reported in humans after spinal cord 
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injury (SCI) (Hornby et al. 2003; Knikou 2007; Knikou 
et al. 2009). While these changes may represent sponta-
neous plasticity underlying recovery (Wolpaw 2007), 
training-mediated neuronal changes may play a key role. 
For example, motoneurons of trained rats had lower 
hyperpolarized resting membrane potentials, decreased 
spike trigger threshold levels (membrane potential at 
which an action potential is triggered), increased ampli-
tudes of after-hyperpolarization (reflecting a decrease in 
membrane excitability that may occur during sustained 
excitation—Beaumont and Gardiner 2002, 2003), sta-
bilized dendritic tree structure of motoneurons (Gazula 
et al. 2004), and cellular properties of motoneurons and 
their synaptic inputs from the spinal white matter were 
changed (Petruska et al. 2007). Further, locomotor train-
ing alters the synaptic efficacy of neuronal excitation and 
inhibition in animal models of SCI (Rossignol and Frigon 
2011).

Improvements in locomotor ability, kinematics of 
walking, and spasticity, together with neurophysiologi-
cal changes at spinal and supraspinal levels, are reported 
after locomotor training with body weight support (BWS) 
on a motorized treadmill in people with SCI (Wernig 
et al. 1995; Dietz et al. 1994, 1998; Trimble et al. 2001; 
Thomas and Gorassini 2005; Wirz et al. 2005; Hornby 
et al. 2005; Field-Fote and Roach 2011; Manella and 
Field-Fote 2013; Knikou 2013). Because upright pos-
ture requires integrated actions between descending neu-
ronal pathways and the spinal central pattern generator, 
both modified by a plethora of proprioceptive, mechan-
oreceptive, and cutaneous inputs (Edgerton et al. 2004; 
Deliagina et al. 2008), and because walking encompasses 
dynamic posture, we theorized that locomotor training 
can also induce neuronal changes promoting upright pos-
ture and body weight bearing. This theory is supported 
by our recent reports on systematic adaptation of spinal 
neuronal pathways after locomotor training. Specifi-
cally, we have shown that locomotor training normalizes 
the soleus H-reflex phase-dependent modulation during 
walking, homosynaptic facilitation reverses to homosyn-
aptic depression regardless of the type of SCI, presynap-
tic inhibition of Ia afferents is improved in people with 
motor incomplete but not with motor complete SCI, and 
reorganizes the behavior of flexor reflex afferent path-
ways (Knikou 2013; Knikou and Mummidisetty 2014; 
Smith et al. 2014).

Collectively, we hypothesized that locomotor training 
modifies the amplitude of the soleus monosynaptic moto-
neuron responses in a body position-dependent manner. 
To test this hypothesis, the soleus H-reflex and M-wave 
recruitment curves were assembled in people with SCI dur-
ing seated and standing in the right and left legs before and 
after repetitive locomotor training.

Materials and methods

Subjects

Fifteen individuals with chronic SCI were enrolled in the 
study. Study participation varied depending on the number 
of locomotor training sessions attended and ranged from 
1.0 to 3.5 months (Table 1). All subjects signed an informed 
consent form before participating in the study. Neurophysi-
ological tests, clinical evaluation, and locomotor training 
were approved by the Northwestern University (Chicago, 
IL, USA) institutional review board. Subjects’ consent was 
obtained according to the Declaration of Helsinki. Subjects 
also participated in previous studies (Knikou 2013; Knikou 
and Mummidisetty 2014; Smith et al. 2014) and are identi-
fied here with the same code.

Locomotor training

Each individual with SCI received BWS-assisted locomo-
tor training with a robotic exoskeleton system (Lokomat 
Pro®, Hocoma, Switzerland) and was trained 5 days/week, 
1 h/day (Table 1). The protocol employed to train persons 
with motor complete and motor incomplete SCI is pub-
lished in detail (see Fig. 1 in Knikou 2013). In AIS A-B 
subjects, training on the first session started at 1.58 km/h 
treadmill speed with 60 % BWS. At each subsequent ses-
sion, the targeted treadmill speed was set to increase by 
0.07 km/h and BWS to decrease by 5 %. Treadmill speed 
and BWS were adjusted differently for each individual over 
the course of training based on the presence or absence of 
knee buckling and/or toe dragging. In AIS C-D subjects, 
when quadriceps manual muscle test score was ≥3/5, train-
ing started at 40 % BWS at 1.98 km/h. The treadmill speed 
and BWS were targeted to be adjusted by 0.07 km/h and 
5 % at each subsequent training session, respectively. When 
quadriceps and triceps surae strength was increased by a 
full grade, then the BWS was decreased by 10 %. The posi-
tion of the ankle strap was determined based on the tibialis 
anterior (TA) muscle strength. The TA muscle strength was 
assessed every 5 training sessions. The ultimate training 
goal in AIS C-D subjects was to reach a treadmill speed of 
2.98 km/h at the lowest BWS possible without knee buck-
ling or toe dragging during the stance and swing phases, 
respectively. During the duration of the study, none of the 
subjects received conventional physical therapy or partici-
pated in other research studies.

Experimental procedures

The soleus H-reflex was evoked according to methods we 
have previously employed in both healthy subjects and 
people with SCI (Knikou 2007, 2008; Knikou et al. 2009). 
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With the subject seated, relaxed, and both feet supported 
by a foot rest, a stainless steel plate of 4 cm2 in diameter 
(anode electrode) was secured proximal to the patella of 
the right and/or left leg. A rectangular single pulse stimu-
lus of 1-ms duration was delivered by a custom-built con-
stant current stimulator to the posterior tibial nerve at the 
popliteal fossa. The most optimal stimulation site was 
established via a handheld monopolar stainless steel head 
electrode used as a probe (Knikou 2008). An optimal stim-
ulation site corresponded to the site that the M-wave had a 
similar shape to that of the H-reflex at low and high stimu-
lation intensities, and at the lowest stimulation intensity, an 
H-reflex could be evoked without an M-wave. When the 
optimal site was identified, the monopolar electrode was 
replaced by a pregelled disposable electrode (SureTrace, 
Conmed, Utica, NY, USA) that was maintained under con-
stant pressure throughout the experiment with an athletic 
wrap. The stimulation site was then confirmed for the per-
manent monopolar cathode electrode, based on the previ-
ously described criteria. Next, the posterior tibial nerve at 
the popliteal fossa was stimulated at 0.2 Hz and at least 120 
responses were recorded at varying stimulation intensities. 
Each subject was then transferred to the treadmill and wore 
an upper body harness that was connected to an overhead 
pulley system. During standing, BWS was applied with 
both arms placed parallel to the trunk and equal distribu-
tion of body weight in both lower limbs. The stimulation 
site, H-reflex, and M-wave thresholds were rechecked, 
and the soleus H-reflex and M-wave recruitment curves 
were assembled again, while all subjects were instructed 
to relax. During the recordings of the recruitment curves, 
the H-reflex, M-wave, and maximal M-wave (Mmax) thresh-
olds, as well as the stimulation intensity corresponding to 
each point of the recruitment curve, were saved by the cus-
tomized LabVIEW software for off-line analysis.

Soleus H-reflex and M-wave recruitment curves were 
assembled before locomotor training and 2 days after all 
locomotor training sessions ended, at different days for the 
left and right legs of the same subject. The soleus H-reflex 
amplitude and shape largely depends on the recruitment of 
motor axons (M-wave threshold, shape, and excitability). 
To ensure that changes in H-reflex recruitment curves after 
training were not due to changes in M-wave threshold and 
excitability, at least four (4) recruitment curves before and 
after training in the right and left legs were constructed for 
each subject. Data were rejected when the M-wave recruit-
ment curve after locomotor training was significantly dif-
ferent from that recorded before locomotor training. This 
resulted in a different number of recruitment curves in 
regard to leg side and/or body position. Soleus H-reflex 
recruitment curves during standing before and after training 
are reported from the right leg for 13 subjects, and from the 
left leg for 12 subjects. Soleus H-reflex recruitment curves 

during seated before and after training from the right leg 
are reported for 12 subjects, and from the left leg for 11 
subjects. Last, the soleus H-reflex in subject R10 in the 
right leg was absent, while the soleus H-reflex in the left leg 
was not recorded in subject R18 due to excessive spasms 
induced upon stimulation of the posterior tibial nerve.

The ipsilateral soleus and TA EMG signals, recorded via 
a single differential bipolar surface electrode (Motion Lab 
Systems Inc., Baton Rouge, LA, USA), were filtered with a 
cutoff frequency of 30–1,000 Hz and sampled by an online 
analog-to-digital (A–D) acquisition system (National 
Instruments, Austin, TX, USA) at 2,000 Hz.

Off-line data analysis

All compound muscle action potentials recorded with sub-
jects seated and during standing were measured as peak-to-
peak amplitudes of the non-rectified waveform. The soleus 
H-reflex and M-wave sizes recorded at varying stimulation 
intensities were normalized to the associated Mmax to coun-
teract for differences of muscle geometry across subjects 
(Pierrot-Deseilligny and Burke 2012). Then, a sigmoid fit 
to the full soleus M-wave recruitment curve was applied 
(Klimstra and Zehr 2008; Brinkworth et al. 2007). The 
stimulation intensity value corresponding to 50 % of Mmax, 
derived from the sigmoid fit, was then used to normalize 
the stimulation intensities that the H-reflexes were evoked. 
Averages of normalized H-reflexes and M-waves were 
calculated in steps of 0.05 (up to 1.0 times the 50 % Mmax 
threshold) and 0.1 (>1.0 times the 50 % Mmax threshold). 
The above described off-line analysis was done separately 
for each H-reflex recruitment curve of each subject assem-
bled during seated and standing, before and after locomo-
tor training. This analysis was conducted separately for the 
right and left leg because (1) the adaptation of the soleus 
H-reflex modulation pattern during walking after training 
for the same patients was different in the right and left legs 
(see Table 3 in Knikou 2013), (2) interlimb muscle coordi-
nation was different in both legs (see Fig. 5C in Knikou and 
Mummidisetty 2014), and (3) the right leg was typically 
more impaired compared to the left leg (Table 1). Thus, 
neuronal reorganization as well as the functionality of spi-
nal cord reflex circuits subserving each limb was antici-
pated to be different after training.

In order to estimate the background EMG activity, 
first the mean value of the rectified and band-pass filtered 
soleus and TA EMG for 60 ms duration, beginning 120 ms 
before posterior tibial nerve stimulation, was calculated 
for each subject. Then, this value was normalized to the 
associated maximal EMG during the 60-ms window. This 
was done separately for each recording with subjects 
seated and during standing, before and after locomo-
tor training, for the soleus and TA muscles of both legs. 
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Then, the mean normalized soleus and TA background 
EMG activity was grouped based on time of testing, leg 
side, and body position. The average ratio of soleus/TA 
background activity was also calculated. Further, a modu-
lation index of the overall change in soleus background 
EMG was determined by subtracting the minimum EMG 
from the maximum EMG and the resultant value normal-
ized to the maximum soleus EMG background activity 
(Zehr et al. 2012). This yielded modulation indices rang-
ing from 0 to a maximum of 1 (Knikou et al. 2009; Zehr 
et al. 2012).

Estimation of ankle clonus

EMG recorded bilaterally from the soleus muscle dur-
ing walking before and after training was extracted and 
visually inspected for the presence of spontaneous clonic 
activity. EMG activity was labeled as clonus when there 
were three or more EMG bursts separated by silent peri-
ods greater than 100 ms (Dimitrijevic et al. 1980; Wal-
lace et al. 2005). EMG onset and offset time stamps 
were marked manually using custom scripts developed in 
MATLAB (The Mathworks Inc, Natick, MA) and DaD-
isp (DSP Development Corporation, Newton, MA). These 
values were used to measure the duration of EMG bursts 
(in ms), instantaneous clonus frequency (in Hz; measured 
as 1/cycle duration; cycle duration being the time from 
the onset of one EMG burst to the onset of the subsequent 
EMG burst), area under the curve for the rectified EMG 
bursts, and the energy associated with each EMG burst 
(Knikou and Mummidisetty 2011; Mummidisetty et al. 
2012). The estimated parameters for the clonic activity 
of the soleus muscle were grouped based on AIS scale 
and time of testing, and a paired t test was used to estab-
lish statistically significant differences before and after 
training.

Statistics

The M-waves and H-reflexes expressed as a percent-
age of the Mmax were grouped separately for subjects 
with AIS A-B, AIS C, and AIS D, based on the normal-
ized stimulation intensities. One-way analyses of vari-
ances (ANOVA) were applied to the normalized M-waves 
recorded at different stimulation intensities for each sub-
ject group before and after training (within subject fac-
tors: time, intensity). In order to establish changes of 
soleus H-reflex excitability before and after training, a 
two-way ANOVA was applied to the normalized soleus 
H-reflexes recorded on the ascending portion of the 
recruitment curve separately for AIS A-B, AIS C, and 
AIS D (within subject factors: time, intensity). Further, 
a Boltzmann sigmoid function (Eq. 1) was fitted to the 

normalized group averages of H-reflexes on the ascend-
ing limb of the recruitment curve until the H-reflex 
reached maximum amplitudes (Devanne et al. 1997; 
Capaday 1997; Carroll et al. 2001; Klimstra and Zehr 
2008). This was performed separately for each subject 
before and after training.

The estimated parameters in Eq. 1 denote the maxi-
mum H-reflex (Hmax), the slope parameter of the function 
(m), the stimulus required to elicit an H-reflex equiva-
lent to 50 % of Hmax (S50), and the H-reflex amplitude 
at a given stimulus value H(s). For the Hmax, at least five 
responses in the sigmoid fit were included. The H-reflex 
slope was constrained to occur at a stimulus equivalent to 
S50 and was calculated based on Eq. 2. Stimuli, in mul-
tiples of 50 % Mmax, corresponding to H-reflex threshold 
(Hth) and Hmax were calculated based on Eqs. 3 and 4, 
respectively. The sigmoid function parameters of Hmax, 
H-slope, S50, and stimuli corresponding to H-threshold 
and Hmax were grouped for AIS A-B, AIS C, and AIS D 
subjects based on body position (seated/standing), leg 
side (right/left), and time of testing (before/after train-
ing). For each parameter from the sigmoid function, 
grouped based on AIS scale, a paired t test was used to 
establish statistically significant differences before and 
after training. Further, in order to establish statistically 
significant differences and interactions for each sigmoid 
function parameter as a function of leg side, time of test-
ing, and AIS scale (AIS C and/or D) (AIS A/B were not 
included in this analysis due to single subjects recordings 
in the left leg during standing and in the right leg during 
seated), a multiple ANOVA for repeated measures was 
applied to the data. A paired t test between the soleus/TA 
background EMG ratio before and after training in the 
right/left leg was conducted. Last, a three-way multiple 
ANOVA was applied to the soleus background EMG 
activity, modulation indices, and ratios of soleus/TA 
background EMG activity (within subject factors: time of 
testing, leg side, body position).

For all statistical tests, the effects were considered sig-
nificant when P < 0.05. Results are presented as mean val-
ues along with the standard error of the mean (SEM).

(1)H(s) =
Hmax

(1 + exp(m(S50 − s)))

(2)Hslope = m
Hmax

4

(3)Hth =
s − 2

m

(4)Hmax =
s + 2

m
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Results

Recruitment curves before and after locomotor training 
during standing

Soleus M-waves and H-reflexes recorded at different stimu-
lation intensities from the right leg during BWS standing 
before and after training and the associated sigmoid fits 
are shown in Fig. 1. In Fig. 1a–c, the normalized soleus 
M-wave sizes for AIS A-B, AIS C, and AIS D subjects are 
indicated in multiples of 50 % Mmax stimulation intensity, 
respectively. The M-waves before and after training for all 
cases were not statistically significantly different (AIS A-B: 
F1 = 0.17, P = 0.67; AIS C: F1 = 0.25, P = 0.1; AIS D: 
F1 = 0.61, P = 0.43; one-way ANOVA), supporting that 
changes of the soleus H-reflex size after training could not 
be due to recruitment of different types of soleus moto-
neurons by the Ia afferent volley, and that stimulation and 
recording procedures were not different.

In Fig. 1d–f, the corresponding normalized soleus 
H-reflex sizes plotted against the normalized stimulation 
intensities are shown. A two-way ANOVA showed that 
the H-reflexes sizes for AIS A-B subjects were statistically 
significantly different based on the stimulation intensity 
(F12 = 2.61, P = 0.03) but not based on time of testing 
(F1 = 0.5, P = 0.48). A similar result was also found for 
the normalized H-reflexes from AIS D subjects shown in 
Fig. 1f (stimulation intensity: F12 = 15.87, P < 0.001; time 
of test: F1 = 2.18, P = 0.14). The normalized H-reflexes 
from AIS C subjects indicated in Fig. 1e are statisti-
cally significantly different based on stimulation intensity 
(F12 = 2.61, P = 0.006) and time of testing (F1 = 13.76, 
P < 0.001), suggesting that soleus H-reflex excitabil-
ity in the left leg in AIS C subjects during standing was 
increased after training. The corresponding sigmoid fits for 
H-reflexes recorded on the ascending portion of the recruit-
ment curve before and after training for AIS A-B, AIS C, 
and AIS D subjects are shown in Fig. 1g–i, respectively. 

Fig. 1  Soleus H-reflex and M-wave recruitment curves before and 
after locomotor training in the right leg during standing grouped sep-
arately for AIS A-B, AIS C, and AIS D subjects. a–c Mean M-wave 
sizes as a percentage of the maximal M-wave are plotted in multiples 
of 50 % of Mmax stimulus intensity. d–f Mean soleus H-reflex sizes 
as a percentage of the maximal M-wave are plotted in multiples of 
50 % of Mmax stimulus intensity. g–i Sigmoid input–output relation 
for soleus H-reflexes elicited on the ascending portion of the recruit-

ment curve. The P values for graphs a–c are the results of the one-
way ANOVAs conducted on the normalized M-waves from the start 
until the end of the recruitment curve before and after training. The 
P values for graphs d–e are the results of the two-way ANOVAs con-
ducted on the normalized H-reflexes on the ascending portion of the 
H-reflex recruitment curve as a function of stimulus intensity and 
time of testing
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The summarized results of the estimated sigmoid function 
parameters are given in Table 2. The size of the maximal 
H-reflex after training was statistically significantly differ-
ent from that observed before training in the right leg dur-
ing standing (P < 0.05) in AIS C subjects, while the other 
sigmoid function parameters remained unaltered (P > 0.05) 
(Table 2). It should be noted that the soleus H-reflexes on 
the ascending portion of the recruitment curve in AIS A-B 
subjects were shifted to the right after training (Fig. 1g).

Figure 2 shows soleus M-waves and H-reflexes at dif-
ferent stimulation intensities, recorded from the left leg 
during BWS standing before and after training as well as 
the associated sigmoid fits. In Fig. 2a–c, the normalized 
soleus M-wave sizes for AIS B, AIS C, and AIS D subjects 
are shown in multiples of 50 % Mmax stimulation intensity, 
respectively. One-way ANOVAs showed that the M-waves 
before and after training for all cases were not significantly 
different (AIS B: F1 = 1.88, P = 0.17; AIS C: F1 = 0.8, 
P = 0.36; AIS D: F1 = 0.07, P = 0.78). In Fig. 2d–f, the 
corresponding normalized soleus H-reflex sizes plotted 
against the normalized stimulation intensities are presented. 
A two-way ANOVA showed that the H-reflexes sizes for 
AIS B subject were significantly different based on stimu-
lation intensity (F13 = 28.03, P = 0.003) but not based on 
time of testing (F1 = 6.39, P = 0.06). A similar result was 
also found for the normalized H-reflexes from AIS D sub-
jects shown in Fig. 2f (stimulation intensity: F11 = 4.88, 
P < 0.001; time of test: F1 = 0.12, P = 0.72). The nor-
malized H-reflexes from AIS C subjects shown in Fig. 2e 

are statistically significantly different based on stimula-
tion intensity (F13 = 6.85, P < 0.001) and time of testing 
(F1 = 10.38, P = 0.002), suggesting that soleus H-reflex 
excitability in the left leg in AIS C subjects during standing 
was increased after training. The corresponding sigmoid 
fits for H-reflexes recorded on the ascending portion of the 
recruitment curve before and after training for AIS B, AIS 
C, and AIS D subjects are shown in Fig. 2g–i, respectively. 
The summarized results of the estimated sigmoid function 
parameters are given in Table 2. In AIS C subjects, the Hmax 
size increased after training (P < 0.05, paired t test pre-
post training, Table 2), while the function m, S50, H-slope, 
and stimulation thresholds remained unaltered (P > 0.05). 
In AIS D subjects, the stimulus intensity corresponding to 
50 % of Hmax, H-threshold, and Hmax was decreased after 
training (P < 0.05, paired t test pre-post training, Table 2), 
while the function m and H-slope remained unaltered 
(P > 0.05).

Recruitment curves before and after locomotor training 
while seated

Soleus M-wave and H-reflex sizes at different stimulation 
intensities recorded from the right leg during the seated 
position, before and after training, and the associated sig-
moid fits are shown in Fig. 3. In Fig. 3a–c, the normalized 
soleus M-wave sizes for AIS B, AIS C, and AIS D subjects 
are shown in multiples of 50 % Mmax stimulation intensity, 
respectively. One-way ANOVAs showed that the M-waves 

Table 2  Estimated sigmoid function parameters

Sigmoid function parameters estimated from the sigmoid input–output relation of soleus H-reflexes on the ascending portion of the recruit-
ment curve conducted for each subject separately and grouped based on AIS scale. Hmax: maximal H-reflex, m: slope parameter of the function, 
S50: Stimulus at 50 % of Hmax. Mean ± SEM. Italic values indicate cases of statistically significant differences after training compared to that 
observed before training based on a paired t test
a For AIS B, sigmoid function fit results are from a single subject and thus a paired t test before and after training could not be performed

Hmax m S50 H-slope Stimulus at H-threshold Stimulus at Hmax

Right leg standing

 AIS A, B Before training 78.8 ± 8.2 21.5 ± 6.5 0.41 ± 0.04 0.10 ± 0.03 0.31 ± 0.009 0.51 ± 0.07

After training 62.4 ± 0.3 38.9 ± 11.09 0.40 ± 0.02 0.06 ± 0.01 0.34 ± 0.004 0.46 ± 0.03

 AIS C Before training 55.3 ± 8.01 28.5 ± 4.8 0.44 ± 0.07 0.08 ± 0.01 0.37 ± 0.06 0.52 ± 0.08

After training 69.6 ± 9.73 24.9 ± 5.72 0.45 ± 0.04 0.10 ± 0.02 0.35 ± 0.06 0.54 ± 0.04

 AIS D Before training 63.2 ± 6.93 23.6 ± 2.96 0.56 ± 0.05 0.09 ± 0.01 0.47 ± 0.05 0.65 ± 0.06

After training 61.6 ± 5.06 23.9 ± 4.17 0.52 ± 0.03 0.10 ± 0.01 0.43 ± 0.04 0.62 ± 0.02

Left leg standing

 AIS Ba Before training 93.65 24.24 0.50 0.08 0.41 0.58

After training 76.56 44.21 0.44 0.04 0.39 0.48

 AIS C Before training 66.22 ± 5.31 17.54 ± 3.89 0.49 ± 0.1 0.13 ± 0.02 0.35 ± 0.08 0.62 ± 0.12

After training 86.19 ± 9.62 15.46 ± 2.08 0.45 ± 0.03 0.14 ± 0.02 0.32 ± 0.02 0.59 ± 0.05

 AIS D Before training 48.02 ± 8.23 21.92 ± 3.41 0.59 ± 0.04 0.11 ± 0.01 0.48 ± 0.03 0.71 ± 0.05

After training 50.84 ± 11.83 22.1 ± 3.18 0.51 ± 0.04 0.10 ± 0.01 0.41 ± 0.04 0.62 ± 0.04
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before and after training for all subject groups were not 
statistically significantly different (AIS B: F1 = 0.46, 
P = 0.49; AIS C: F1 = 0.68, P = 0.4; AIS D: F1 = 0.0066, 
P = 0.93). In Fig. 3d–f, the corresponding soleus H-reflexes 
as a percentage of the maximal M-wave are plotted 
against the normalized stimulation intensities. A two-way 
ANOVA showed that the H-reflexes sizes for AIS B sub-
ject shown in Fig. 3d are statistically significantly differ-
ent based on stimulation intensity (F11 = 61.19, P < 0.001) 
but not based on time of testing (F1 = 0.4, P = 0.53). A 
similar result was found for H-reflexes from AIS C sub-
jects (Fig. 3e; time of test: F1 = 0.0052, P = 0.94). A two-
way ANOVA showed that the H-reflexes sizes from AIS 
D subjects shown in Fig. 3f are statistically significantly 
different at different stimulation intensities (F12 = 6.6, 
P < 0.001) and time of testing (F1 = 5.21, P = 0.02), sug-
gesting that soleus H-reflex excitability in the right leg 
during seated was decreased after training in AIS D sub-
jects. For each subject group, the corresponding sigmoid 

fits for H-reflexes recorded on the ascending portion of the 
recruitment curve before and after training are shown in 
Fig. 3g–i. The summarized results of the estimated sigmoid 
function parameters are given in Table 3. The decreased 
H-reflex excitability after training in AIS D subjects coin-
cided with increased stimuli at 50 % Hmax, H-threshold and 
Hmax (P < 0.05; Table 3). In AIS C subjects, no statistically 
significant differences on the estimated sigmoid function 
parameters before and after training were found (P > 0.05; 
Table 3). In AIS B subject, although a statistical test was 
not possible, the soleus H-reflexes on the ascending portion 
of the recruitment curve were shifted to the left after train-
ing (Fig. 3g), the Hmax size was decreased, while the func-
tion m, the H-reflex slope, and stimulus at 50 % and 100 % 
Hmax were decreased.

Soleus M-wave and H-reflex sizes at different stimula-
tion intensities recorded from the left leg during seated 
before and after training and the associated sigmoid fits 
are shown in Fig. 4. In Fig. 4a–c, the normalized soleus 

Fig. 2  Soleus H-reflex and M-wave recruitment curves before and 
after locomotor training in the left leg during standing grouped sepa-
rately for AIS B, AIS C, and AIS D subjects. a–c Mean M-wave sizes 
as a percentage of the maximal M-wave are plotted in multiples of 
50 % of Mmax stimulus intensity. d–f Mean soleus H-reflex sizes 
as a percentage of the maximal M-wave are plotted in multiples of 
50 % of Mmax stimulus intensity. g–i Sigmoid input–output relation 
for soleus H-reflexes elicited on the ascending part of the recruitment 

curve. The P values for graphs a–c are the results of the one-way 
ANOVAs conducted on the normalized M-waves from the start until 
the end of the recruitment curve before and after training. The P val-
ues for graphs d–e are the results of the two-way ANOVAs conducted 
on the normalized H-reflexes on the ascending portion of the H-reflex 
recruitment curve as a function of stimulus intensity and time of  
testing
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M-wave sizes for AIS A-B, AIS C, and AIS D subjects 
are shown in multiples of 50 % Mmax stimulation inten-
sity, respectively. The one-way ANOVA showed that the 
M-waves before and after training for all subject groups 
were not statistically significantly different (AIS A-B: 
F1 = 0.03, P = 0.86; AIS C: F1 = 0.04, P = 0.83; AIS 
D: F1 = 0.65, P = 0.41). In Fig. 4d–f, the corresponding 
normalized soleus H-reflex sizes are plotted against the 
normalized stimulation intensities. A two-way ANOVA 
showed that the H-reflexes sizes from the ascending limb 
of the recruitment curve for AIS A-B subjects were not 
statistically significantly different before and after train-
ing (F1 = 1.76, P = 0.19). A similar result was not found 
for H-reflexes from AIS C subjects indicated in Fig. 4e 
(stimulation intensity: F12 = 8.5, P < 0.001; time of test: 
F1 = 27.59, P < 0.001), suggesting that during seated the 
H-reflex excitability in the left leg was decreased in AIS C 
after training. In AIS D subjects (Fig. 4f), the H-reflexes 
sizes from the ascending limb of the recruitment curve 

were not statistically significantly different before and 
after training (F1 = 0.74, P = 0.39; 2-way ANOVA), but it 
should be noted that the derecruitment curve of the soleus 
H-reflex changed after training. The corresponding sigmoid 
fits for H-reflexes recorded on the ascending portion of the 
recruitment curve before and after training are shown in 
Fig. 4g–i. The summarized results of the estimated sigmoid 
function parameters are given in Table 3. Changes in Hmax 
size after training in AIS C subjects did not coincide with 
significant changes in any of the other estimated sigmoid 
function parameters (Table 3).

Changes of estimated sigmoid function parameters in both 
limbs and body positions

To further elucidate changes in each sigmoid function 
parameter as a function of leg side, time of testing, body 
position, and AIS scale (AIS C and/or D), a multiple 
ANOVA for repeated measures was performed. For the 

Fig. 3  Soleus H-reflex and M-wave recruitment curves before and 
after locomotor training in the right leg during seated grouped sepa-
rately for AIS B, AIS C, and AIS D subjects. a–c Mean M-wave sizes 
as a percentage of the maximal M-wave are plotted in multiples of 
50 % of Mmax stimulus intensity. d–f Mean soleus H-reflex sizes 
as a percentage of the maximal M-wave are plotted in multiples of 
50 % of Mmax stimulus intensity. g–i Sigmoid input–output relation 
for soleus H-reflexes elicited on the ascending part of the recruitment 

curve. The P values for graphs a–c are the results of the one-way 
ANOVAs conducted on the normalized M-waves from the start until 
the end of the recruitment curve before and after training. The P val-
ues for graphs d–e are the results of the two-way ANOVAs conducted 
on the normalized H-reflexes on the ascending portion of the H-reflex 
recruitment curve as a function of stimulus intensity and time of  
testing
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estimated Hmax, an interaction within these levels was not 
found (P > 0.05). This negative result was also found for 
function m, and stimuli corresponding to 50 % Hmax and 
Hmax. The H-reflex slope was statistically significantly dif-
ferent as a function of leg side (F1 = 8.71, P = 0.004), 
while an interaction between leg side and AIS scale was 
found (F1 = 9.16, P = 0.003). Further, the stimulus cor-
responding to H-threshold varied significantly as a func-
tion of AIS scale (F1 = 6.31, P = 0.014), while an interac-
tion was found between time of testing and body position 
(F1 = 4.03, P = 0.04).

Background EMG during seated and standing before and 
after locomotor training

The soleus EMG background activity, soleus modulation 
indices, and soleus/TA background EMG ratio from all 
SCI subjects during seated and standing for both legs are 
shown in Fig. 5. Significant differences and interactions for 
the soleus background EMG activity (F1 = 0.45, P = 0.5; 
3-way ANOVA) and soleus modulation indices (F1 = 0.09, 
P = 0.75; 3-way ANOVA) were not found before and 
after training, leg side, or body position (Fig. 5a, b). The 
soleus/TA background EMG ratio was increased after train-
ing during seated and standing in the right leg (t12 = −3.05, 
P = 0.01; t13 = −2.3, P = 0.02; paired t test), but remained 
unchanged in the left leg (Fig. 5c). Significant interac-
tions for the soleus/TA background EMG ratio among 

body positions, leg side, and time of testing were not found 
(F1 = 0.00008, P = 0.99; 3-way ANOVA).

Ankle clonus during walking before and after locomotor 
training

The mean right soleus number of bursts decreased signifi-
cantly after training in AIS C subjects compared to that 
observed before training (P < 0.05, paired test) (Table 4). 
The reduced number of bursts coincided with decreased 
levels of energy and area after training (P < 0.05; Table 4). 
In the left leg, statistically significant changes in the clonus 
parameters after training were not observed (P > 0.05 for 
all parameters).

Discussion

This study demonstrated that locomotor training modi-
fies the amplitude of the soleus monosynaptic motoneu-
ron responses in a body position-dependent manner. The 
soleus H-reflex excitability was increased during stand-
ing in the right and left leg in AIS C subjects, and was 
decreased during seated in AIS C and D subjects. These 
findings demonstrate that the injured human spinal cord 
can adjust the reflex excitability level after locomotor 
training, presumably based on the demands of the motor 
task.

Table 3  Estimated sigmoid function parameters

Sigmoid function parameters estimated from the sigmoid input–output relation of soleus H-reflexes on the ascending portion of the recruit-
ment curve conducted for each subject separately and grouped based on AIS scale. Hmax: maximal H-reflex, m: slope parameter of the function, 
S50: Stimulus at 50 % of Hmax. Mean ± SEM. Italic values indicate cases of statistically significant differences after training compared to that 
observed before training based on a paired t test
a For AIS A, sigmoid function fit results are from a single subject and thus a paired t test before and after training could not be performed

Hmax m S50 H-slope Stimulus at H-threshold Stimulus at Hmax

Right leg seated

 AIS Ba Before training 71.02 12.95 0.47 0.15 0.31 0.62

After training 57.26 55.23 0.37 0.03 0.33 0.41

 AIS C Before training 54.57 ± 12.43 66.5 ± 36.4 0.48 ± 0.08 0.06 ± 0.02 0.41 ± 0.05 0.55 ± 0.10

After training 62.71 ± 13.64 39.78 ± 5.49 0.47 ± 0.06 0.05 ± 0.008 0.41 ± 0.05 0.52 ± 0.07

 AIS D Before training 60.97 ± 9.94 27.37 ± 4.56 0.5 ± 0.03 0.09 ± 0.02 0.40 ± 0.03 0.59 ± 0.05

After training 51.87 ± 8.46 49.41 ± 31.1 0.6 ± 0.05 0.10 ± 0.02 0.50 ± 0.05 0.70 ± 0.07

Left leg seated

 AIS A, B Before training 71.87 ± 13.48 23.84 ± 8.16 0.47 ± 0.02 0.10 ± 0.03 0.37 ± 0.05 0.56 ± 0.007

After training 56.85 ± 10.46 36.42 ± 11.41 0.45 ± 0.06 0.06 ± 0.01 0.39 ± 0.04 0.51 ± 0.08

 AIS C Before training 70.61 ± 14.05 15.51 ± 6.34 0.53 ± 0.01 0.15 ± 0.06 0.38 ± 0.08 0.69 ± 0.04

After training 45.38 ± 11.73 14.99 ± 5.29 0.65 ± 0.07 0.15 ± 0.05 0.49 ± 0.02 0.80 ± 0.12

 AIS D Before training 51.13 ± 11.33 34.35 ± 8.17 0.50 ± 0.03 0.07 ± 0.01 0.43 ± 0.03 0.58 ± 0.04

After training 64.17 ± 13.19 25.64 ± 3.4 0.52 ± 0.03 0.09 ± 0.02 0.43 ± 0.02 0.61 ± 0.05
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Soleus M-wave recruitments curves before  
and after locomotor training

The soleus M-wave recruitment curves remained unal-
tered (Figs. 1, 2, 3, 4a–c), verifying that recruitment order 
of motor axons did not change before and after training 
(Pierrot-Deseilligny and Mazevet 2000). For all cases, a 
clear threshold separation between Ia afferents and motor 
axons was possible, in that a maximum Ia afferent volley 
could be evoked with a very small or completely absent 
M-wave. This suggests that the soleus H-reflex reached its 
maximum amplitude before the antidromic motor volley 
collided with the orthodromic afferent volley. When col-
lision between orthodromic and antidromic volleys does 
occur, the decrease in H-reflex size is not solely due to the 
collision per se, but can be partly due to non-reciprocal Ib 
inhibition and recurrent inhibition (Burke et al. 1984). In 
contrast, the H-reflex size on the ascending portion of the 
recruitment curve and at its maximum amplitude depends 

on the excitability of Ia afferents and on the excitability 
of the soleus motoneuron pool. Thus, our findings provide 
support for selective changes in the efficacy of Ia afferents 
to depolarize the soleus motoneurons and for the capability 
of soleus motoneurons to induce monosynaptic responses 
following stimulation of Ia afferents at varying intensities.

Soleus H-reflex excitability changes during standing 
and seated after locomotor training

The soleus H-reflex excitability on the ascending portion of 
the recruitment curves differed significantly after training, 
when compared to that observed before training, depending 
on the body position. With subjects seated, the H-reflex size 
from the onset of the recruitment curve until its maximum 
amplitude was decreased in the right leg in AIS D subjects 
(Fig. 3f) and in the left leg in AIS C subjects (Fig. 4e). In 
contrast, the H-reflex size from the onset of the recruit-
ment curve until its maximum amplitude during standing 

Fig. 4  Soleus H-reflex and M-wave recruitment curves before and 
after locomotor training in the left leg during seated grouped sepa-
rately for AIS A-B, AIS C, and AIS D subjects. a–c Mean M-wave 
sizes as a percentage of the maximal M-wave are plotted in multiples 
of 50 % of Mmax stimulus intensity. d–f Mean soleus H-reflex sizes 
as a percentage of the maximal M-wave are plotted in multiples of 
50 % of Mmax stimulus intensity. g–i Sigmoid input–output relation 
for soleus H-reflexes elicited on the ascending part of the recruitment 

curve. The P values for graphs a–c are the results of the one-way 
ANOVAs conducted on the normalized M-waves from the start until 
the end of the recruitment curve before and after training. The P val-
ues for graphs d–e are the results of the two-way ANOVAs conducted 
on the normalized H-reflexes on the ascending portion of the H-reflex 
recruitment curve as a function of stimulus intensity and time of test-
ing
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was increased in the right (Fig. 1e) and left (Fig. 2e) legs of 
AIS C subjects but not in AIS A-B or AIS D subjects. Fur-
ther, in AIS A-B subjects, the Hmax size was decreased after 
training during seated and standing. These findings suggest 
that people with motor incomplete SCI gained the ability 
to adapt the reflex excitability level at a given input based 
on the demands of the body position. Locomotor training 
decreased reflex excitability level in both body positions in 
people with motor complete SCI, but given the small num-
ber of participants in this study further research is required 
to define changes in the reflex excitability level in motor 
complete spinal lesions.

The increased reflex excitability in both legs in AIS C 
subjects during standing is consistent with the reported 
increased soleus H-reflex excitability following vary-
ing types of training in healthy control subjects (Aagaard 
et al. 2002; Lagerquist et al. 2006; Holtermann et al. 2007), 

past literature in human SCI (Yang et al. 1991), and the 
positive relationship between increased spinal excitability 
and better functional outcomes in spinal mice (Lee et al. 
2009). The increased reflex excitability may be responsi-
ble for enhanced ankle stability and thus contributing to an 
improved leg function during standing.

The soleus/TA EMG background ratio was increased 
after training in the right leg during seated and stand-
ing (Fig. 5c), and was equal to 1 (equal background EMG 
between soleus and TA muscles) in the left leg, consistent 
with the reported coactivation of antagonistic ankle mus-
cles during standing in non-injured subjects (Nielsen and 
Kagamihara 1992). During standing, Ib inhibition exerted 
from gastrocnemius medialis to soleus motoneurons is 
decreased, presynaptic inhibition of soleus Ia afferents is 
increased, and upon ankle coactivation, reciprocal inhi-
bition is decreased in healthy subjects (Katz et al. 1988; 
Nielsen and Kagamihara 1992; Faist et al. 2006). Further, 
during the stance phase of walking, presynaptic inhibition 
of soleus Ia afferents increased in the same subjects tested 
here after locomotor training (Knikou and Mummidisetty 
2014), while non-reciprocal Ib inhibition reversed to facili-
tation in non-trained individuals with SCI (Knikou 2012). 
These findings are consistent with observations of the func-
tion of these inhibitory mechanisms in healthy subjects 
(Mummidisetty et al. 2013). Thus, both presynaptic inhibi-
tion and Ib facilitation after training may promote weight 
bearing by reinforcing H-reflex excitability during stand-
ing, in motor incomplete SCI. A logical question that arises 
is whether the same mechanisms mediated the depression 
of soleus H-reflex excitability during the seated position 
tests. This adaptation may be the result of true spinal inhi-
bition but may also represent disfacilitation of motoneurons 
due to suppression of spinal excitation by other systems 
such as the propriospinal system, which constitutes a dis-
facilitatory feedback for spinal motoneurons (Nicolas et al. 
2001).

Further, the slope of the input–output relationship 
and the soleus background EMG activity remained unal-
tered after training during standing and seated positions 
(Tables 2, 3; Fig. 5a), implying that the recruitment gain 
of the soleus motoneuron pool remained unaltered. The 
decreased H-reflex size on the ascending limb of the 
recruitment curve in the seated position was expected to 
have been accompanied by a decreased recruitment gain. 
The lack of changes in the reflex recruitment gain may be 
related to the relationship between the inhibitory/facilita-
tory background effects on the soleus motoneurons (Kernell 
and Hultborn 1990), the physiological properties of soleus 
motoneurons at the subliminal fringe (Pierrot-Deseilligny 
and Mazevet 2000), and their influence by more synaptic 
inputs compared to other motoneurons that are influenced 
by less synaptic inputs (Heckman et al. 2009).

Fig. 5  Background EMG activity. a Normalized soleus back-
ground EMG activity. b Modulation indices of soleus background 
EMG activity. c Background soleus/tibialis anterior ratio. Overall 
mean ± SEM from all SCI subjects before and after training for the 
right and left leg during seated and standing



101Exp Brain Res (2015) 233:89–103 

1 3

While the slope remained unaltered, the stimulus cor-
responding to 50 % Hmax, H-threshold, and Hmax was 
increased in AIS D subjects, in whom the reflex excitability 
was decreased in the right leg during seated after training 
(Fig. 3f; Table 3). This finding indicates that after training, 
more stimulation intensity is required to activate the most 
excitable Ia afferent fibers that subsequently depolarize the 
lower threshold (most excitable) soleus motoneurons. The 
stimulus corresponding to H-reflex threshold expresses the 
number of active motoneurons or the spinal excitability 
level, which reflects the balance of excitatory and inhibitory 
inputs acting on the motoneuron pool (Capaday and Stein 
1987). Therefore, the decreased spinal reflex excitability 
with the concomitant increased soleus H-reflex threshold 
indicates that spinal reflex excitability is altered along with 
the excitability level of Ia afferents. These changes of excit-
ability may be related to the decreased ankle clonus and 
altered levels of cocontraction of ankle and knee antago-
nistic muscles during walking (Knikou and Mummidisetty 
2014) after locomotor training in people with SCI.

At this point, the reflex excitability changes observed in 
both legs need to be considered. In AIS C subjects, spinal 
reflex excitability increased during standing after training 
in both legs (Figs. 1e,2e), but decreased during seated in 
the left leg (Fig. 4e), and remained unaltered in the right 
leg (Fig. 3e). In contrast, during standing spinal reflex 
excitability remained unaltered in AIS D subjects, but 
was reduced during seated in the right leg (Fig. 3f), and 
remained unaltered in the left leg (Fig. 4f). While a com-
prehensive evaluation of neuronal changes after locomo-
tor training in both legs is not reported in the literature, 
the asymmetrical changes of spinal reflex excitability may 
be related to differences of neuronal reorganization within 

each limb. For example, in this group of individuals with 
SCI, the soleus H-reflex from the right leg was modulated 
in an opposite manner to that observed in the left leg, for 
the same phase of the step cycle after training in 4 subjects 
(Knikou 2013), and the long-latency TA flexor reflex was 
decreased in the right leg but increased in the left leg dur-
ing BWS-assisted stepping after training in all subjects 
(Smith et al. 2014). Further, in 4 out of 5 AIS C subjects, 
the left leg was stronger from the right leg with the 5th sub-
ject having equal muscle strength in both legs (Table 1). 
Thus, in AIS C subjects, the stronger limb corresponded 
with decreased H-reflex excitability in the seated position 
after training. Last, the asymmetrical changes of spinal 
reflex excitability in both legs may be related to the type 
of SCI (cervical vs. thoracic), to the number, localization, 
and amount of damaged and spared spinal and supraspinal 
pathways (Lee et al. 2005; Rossignol et al. 2009), and to 
the hand/foot dominance (Tan 1990).

Sources for the changes in H-reflex excitability observed 
in this study may include modifications in the intrinsic 
properties of soleus motoneurons, excitability profile of the 
motoneuron pool, properties of group Ia afferents, function 
of spinal interneurons, and modifications on the descend-
ing control of spinal reflex networks. Animal studies have 
demonstrated that locomotor training changes the cellular 
and electrical properties of spinal motoneurons, synaptic 
inputs, activity of synaptic proteins, ion conductances, and 
the motoneuronal soma size in the absence of supraspinal 
descending control (Beaumont et al. 2004; Petruska et al. 
2007; Dunlop 2008; Ilha et al. 2011). Further, in people 
with SCI, motor cortex activation and corticospinal excit-
ability are increased (Dobkin 2000; Winchester et al. 2005; 
Thomas and Gorassini 2005), and cortical facilitation of 

Table 4  Soleus clonic EMG bursts characteristics (ankle clonus) during assisted walking

Italic values indicate cases of statistically significant differences after training compared to that observed before training based on a paired t test

Burst duration (ms) Frequency (Hz) Number of bursts Energy Area

Right leg

 AIS A, B Before training 56.9 ± 7.8 5.1 ± 0.7 5.2 ± 1.2 224 ± 33 1,700 ± 109

After training 57.2 ± 0.8 6.2 ± 0.3 5.8 ± 1.1 197 ± 29 1,623 ± 240

 AIS C Before training 62.3 ± 3.8 5.7 ± 0.7 7.3 ± 1.9 351 ± 45 2,863 ± 387

After training 64.4 ± 5.3 7.1 ± 1.2 4.0 ± 0.6 212 ± 21 1,823 ± 212

 AIS D Before training 57.6 ± 4.5 6.3 ± 0.6 6.3 ± 1.8 300 ± 36 2,393 ± 252

After training 56.3 ± 3 5.6 ± 0.4 6.4 ± 1.3 223 ± 58 1,706 ± 439

Left leg

 AIS A, B Before training 51.7 ± 2.9 6.1 ± 0.6 3.2 ± 0.04 150 ± 18 1,195 ± 165

After training 46 ± 2.3 6.2 ± 0.4 5.0 ± 0.4 133 ± 7.7 989 ± 88

 AIS C Before training 51.4 ± 5.2 6.8 ± 1 5.1 ± 0.3 162 ± 41 1,258 ± 352

After training 66.8 ± 7.3 7.6 ± 0.8 4.6 ± 1.1 295 ± 97 2,690 ± 995

 AIS D Before training 53.7 ± 4.1 5.7 ± 0.4 4.1 ± 0.2 207 ± 42 1,594 ± 330

After training 58.5 ± 4.9 6.3 ± 0.1 3.6 ± 0.2 249 ± 79 2,084 ± 693
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late flexor reflexes reverses to cortical inhibition (Hajela 
et al. 2013) after locomotor training. Based on these find-
ings, soleus spinal reflex excitability adaptation after train-
ing involved both supraspinal and spinal neuronal pathways 
in individuals with motor incomplete SCI.

Conclusion

In this study, we postulated that there was a systematic 
modification in monosynaptic motoneuron responses to 
stimulation of Ia afferents in people with chronic SCI after 
locomotor training. This adaptation of spinal reflex excit-
ability occurred in a body position-dependent manner. Spi-
nal reflex excitability was increased during standing in both 
legs in AIS C subjects, likely to reinforce the tonic activa-
tion of soleus motoneurons. The decreased spinal reflex 
excitability in AIS D subjects during seated could reflect 
decreased pathological changes associated with spastic-
ity. Further research is needed to comprehensively inves-
tigate the source of this neuronal reorganization. A deeper 
understanding of changes in neuronal architecture and syn-
aptic connectivity as well as their relation to recovery of 
motor function may lead to optimal use of currently avail-
able interventions, and the development of new therapeutic 
innovations, and thus further the functional improvements 
for individuals with SCI.
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