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Abstract

In animals and people with incomplete spinal cord injury, appropriate operant conditioning of a
spinal reflex can improve impaired locomotion. In all previous conditioning studies, the reflex was
conditioned during steady-state maintenance of a stable posture; this steady-state protocol sought
to change the excitability of the targeted reflex pathway; reflex size gradually changed over 8-10
weeks. The present study introduces a new protocol, a dynamic protocol that seeks to change the
functioning of the reflex pathway during a specific phase of a complex movement. Specifically, we
down-conditioned the soleus H-reflex during the swing-phase of locomotion in people with
hyperreflexia due to chronic incomplete SCI. The swing-phase H-reflex, which is absent or very
small in neurologically normal individuals, is abnormally large in this patient population. The
results were clear. With swing-phase down-conditioning, the H-reflex decreased much faster and
farther than did the H-reflex in all previous animal or human studies with the steady-state protocol,
and the decrease persisted for at least 6 months after conditioning ended. The H-reflex decrease
was accompanied by improvements in walking speed and in the modulation of locomotor EMG
activity in proximal and distal muscles of both legs. These results provide new insight into the
factors controlling spinal reflex conditioning; they suggest that conditioning protocols that target
reflex function in a specific movement phase provide a promising new opportunity to enhance
functional recovery after SCI or in other disorders.
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INTRODUCTION

In animals and humans, an operant conditioning protocol can strengthen or weaken the
output of a spinal reflex pathway (Wolpaw & O’Keefe, 1984; Wolpaw, 1987; Chen &
Wolpaw, 1995b; Wolf & Segal, 1996; Carp et al., 2006b; Chen et al., 2006a; Thompson et
al., 2009a). Because the protocol changes the pathway structurally and functionally
(Wolpaw, 1997, 2006; Wolpaw & Chen, 2009; Wolpaw, 2010), it affects behaviors, such as
locomotion, that use the pathway (e.g., Chen et al. 2011). This suggested that appropriate
conditioning might reduce movement impairments associated with spinal cord injury (SCI),
strokes, and other disorders. Animal studies supported this possibility. In rats in which a
right lateral column injury had weakened right stance and created a gait asymmetry, up-
conditioning of the right soleus H-reflex (electrical analog of the spinal stretch reflex)
eliminated the asymmetry and improved locomotion (Chen et al., 2006b); the improvement
persisted after conditioning ended (Chen et al., 2014b). These positive results encouraged
initial human studies.

In humans, SCI often increases the excitability of spinal stretch reflexes and H-reflexes and
impairs their normal modulation over the step cycle (Yang et al, 1991; Stein et al., 1993,;
Fung & Barbeau, 1994; Boorman et al., 1996; Little et al., 1999; Hiersemenzel et al., 2000;
Crone et al., 2003; Nakazawa et al., 2006; Dietz & Sinkjaer, 2007; Nielsen et al., 2007,
Thompson et al., 2009b; Thompson et al., 2016). These abnormalities contribute to
locomotor impairments in people with spasticity due to SCI (Corcos et al., 1986; Fung &
Barbeau, 1989; Hidler & Rymer, 1999, 2000; Khan et al., 2016). In these individuals, down-
conditioning of the soleus H-reflex increased walking speed, reduced step asymmetry, and
had other functional benefits (Manella et al,, 2013; Thompson et al., 2013). Furthermore, the
animal and human studies indicate that, by targeting beneficial plasticity to an important
spinal pathway, the conditioning protocol triggers wider beneficial plasticity that improves
locomotor function in the muscles of both legs (Chen et a/,, 2011; Thompson et al., 2013;
Chen et al., 2014a). These wider beneficial effects are consistent with the negotiated
equilibrium model of spinal cord function (Wolpaw, 2010, 2018).

All previous reflex conditioning studies required a defined level of stable pre-stimulus EMG
prior to reflex elicitation; and all human studies also required the same static posture (e.g.,
standing (Thompson et a/., 2009a; Thompson et al., 2013; Makihara et al., 2014)). In
contrast, the present study conditioned the reflex at a specific phase of a dynamic movement.
In people with spastic hyperreflexia due to chronic SCI, we down-conditioned the soleus H-
reflex during the late-swing phase of locomotion, when the reflex is abnormally large in
these individuals (Yang et a/., 1991; Fung & Barbeau, 1994; Thompson et al., 2016).
Because hyperreflexia in this phase is likely to contribute to impaired gait (e.g., by
exacerbating foot drop and/or clonus), H-reflex down-conditioning was expected to be
beneficial. The results confirm this hypothesis. Furthermore, the unprecedented rapidity and
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magnitude of the reflex decrease provide new insight into reflex conditioning and generate
new excitement about its potential clinical applications.

MATERIALS AND METHODS
Ethical Approval

This study was reviewed and approved by the Institutional Review Boards of Helen Hayes
Hospital and the Medical University of South Carolina (ethics approval ref. no.
Pro00042082). It complied with the ethical guidelines of the Declaration of Helsinki (except
for registration in a database). All the participants gave informed consent for the study.

Participants

Thirteen adults with impaired locomotion due to an incomplete SCI 1.5-13 years earlier
participated in this study (9 men and 4 women, ages 18-70 years, mean age 49.8(x13.5SD))
(Table 1). A physiatrist or a neurologist determined each prospective participant’s eligibility
for the study. The inclusion criteria were: (1) a stable SCl-related locomotor deficit (>1 year
after lesion); (2) ability to walk on the treadmill for =160 steps without stopping; (3) signs of
spasticity (i.e., increased muscle tone, score =1 on Modified Ashworth scale) at least
unilaterally; (4) presence of a soleus H-reflex in the late-swing phase of locomotion at least
unilaterally; (5) a reasonable expectation that current medication would not change over the
period of the study (e.g., anti-spasticity medication such as baclofen, diazepam, or
tizanidine); and (6) medical clearance to participate. The exclusion criteria were: (1) spinal
motoneuron injury; (2) a cardiac condition; (3) another medically unstable condition; (4)
cognitive impairment; and/or (5) daily use of functional electrical stimulation to counteract
foot drop. In those who exhibited bilateral motor impairments, the soleus H-reflex of the
more impaired leg was studied.

The participants were randomly assigned to the Down-Conditioning (DC) group (6 men and
1 woman; ages 18-67 years, mean 49.0(£15.1SD) years; 1.5-10 years since SCI;
Participants 1-7 in Table 1) or the No-Stimulation (NS) control group (3 men and 3 women;
ages 33-70 years, mean 50.8(x12.7) years); 1.5-13 years since SCI; Participants 8-13 in
Table 1). The primary purpose of the NS group was to establish that H-reflex decrease
and/or any change in locomotion in the DC group was not due simply to the regularly
administered treadmill walking. (H-reflex size does not change in animals or humans with
SCI when it is simply measured over days and weeks without feedback on its size
(Thompson et al., 2013). Thus, we did not include a stimulation-only control group in the
present study.)

The Operant Conditioning Protocol and the Study Schedule

The new operant conditioning protocol used in this study was adapted from that used to
condition the soleus H-reflex during standing (i.e., the steady-state protocol) (Thompson et
al., 2009a; Thompson et al., 2013; Makihara et al., 2014). The steady-state protocol elicited
the H-reflex after the standing participant had maintained soleus EMG activity in a required
range for several seconds; the new swing-phase protocol elicited the H-reflex during the
late-swing phase of walking. The numbers of conditioning and control sessions, the number
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of reflex trials per session, and the session schedule were identical to those of the steady-
state protocol.

Figure 1 summarizes the swing-phase protocol. In a preliminary session, (1) the locations of
the EMG recording electrodes and tibial nerve stimulating electrodes were optimized, (2) the
soleus and tibialis anterior (TA) background EMG levels during natural standing were
determined, (3) a treadmill speed that the participant found comfortable was selected for use
throughout the study, and (4) the participant’s eligibility for participation was confirmed
(i.e., ability to walk on the treadmill for =160 steps without stopping, a soleus H-reflex
evident in the late-swing phase of walking). We also determined the target M-wave size for
H-reflex elicitation throughout the subsequent sessions of the DC participants and for H-
reflex elicitation during the locomotor assessments of all (DC and NS) participants.

Each person then completed 6 baseline sessions and 30 control (NS group) or conditioning
(DC group) sessions at a rate of 3/week. Each session lasted less than one hour and occurred
within the same 2-h daily time window (to prevent the normal diurnal variation in reflex size
from affecting the results (Wolpaw & Seegal, 1982; Chen & Wolpaw, 1994; Carp et al.,
2006a; Lagerquist et al., 2006)). Ten-meter walking speed, locomotor H-reflexes across the
entire step cycle, and locomotor EMG activity were measured in two locomotor
assessments, one before and one after the 30 control (NS participants) or conditioning (DC
participants) sessions. For the DC group, a follow-up session (identical to the conditioning
sessions) occurred 1 month after the final conditioning sessions. Some of the DC group
participants were able to come back for additional follow-up sessions 3 and 6 months after
the final conditioning session. Each participant wore the same pair of shoes throughout the
study. Two participants (one DC and one NS) wore an ankle-foot orthosis (AFQO) on the
conditioned/tested leg throughout all the study sessions, except for locomotor H-reflex and
EMG assessments.

Figure 1C shows the content of each baseline, conditioning, or followup session for the DC
and NS groups. In the DC group, each session began with measurement of the H-reflex/M-
wave (H-M) recruitment curve while the participant maintained a natural standing posture
and the soleus and TA EMG levels defined in the preliminary session (see Electrical
Stimulation and EMG Recording below). Then, the participant walked on the treadmill for
30 sec without stimulation. Footswitches in the shoe of the studied leg detected foot-contact
or toe-off. The data from this short walk were used to set the stimulus trigger delay from
foot-contact or toe-off, so that the H-reflex could be elicited in the late-swing phase of the
step cycle. Following these unstimulated steps, the participant completed 3 blocks of
walking while the H-reflex was elicited in late-swing (i.e., 85-95% of the way through the
step cycle from one ipsilateral foot contact to the next). In each block, the first few steps
occurred without stimulation. Then, tibial nerve stimulation elicted the H-reflex every other
step until 75 H-reflex trials were obtained. Thus, for each block, the participant took about
160 steps (i.e., ~5 steps before H-reflex trials begin, 75 stimulated steps interspersed with 75
unstimulated steps, ~5 steps after H-reflex trials ended)

In each conditioning session, before the first block of 75 H-reflex trials, the participant did
an additional short period of walking to obtain 20 control H-reflex trials. Based on the size
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of the control reflexes, the reflex criterion value for the first block of 75 conditioned H-
reflex trials was determined, as in the original operant conditioning protocol (Thompson et
al., 2009a; Thompson et al.,, 2013). During the three 75-trial conditioning blocks, the
participant was asked to decrease H-reflex size and was provided with immediate visual
feedback that indicated his or her success in doing so (see Visual Feedback below). In order
to maintain the same stimulus strength across all the H-reflex trials of the study, the tibial
nerve stimulus was adjusted as needed to keep M-wave size constant for each participant
throughout. Follow-up sessions were the same as the conditioning sessions.

In the NS group, each of the 6 baseline and 30 subsequent control sessions consisted of
walking on the treadmill for 3 blocks of 160 steps each without H-reflex elicitation and
without any special instructions. Thus, the NS group participants walked about as much
during each session as did the DC group participants.

Electrical Stimulation and EMG Recording

At the beginning of each baseline, conditioning, or follow-up session for the DC group, and
the beginning of each of the two locomotor assessments for both groups, EMG recording
and stimulating electrodes were placed over the leg. EMG activity from soleus and its
antagonist TA was recorded with surface self-adhesive Ag-AgCl electrodes (2.2 x 3.5 cm,
Vermed, Buffalo, NY), amplified, band-pass filtered (10-1000 Hz), digitized (4,000 Hz), and
stored. To elicit the H-reflex, the tibial nerve was stimulated in the popliteal fossa, using
surface Ag-AgCl electrodes (2.2 x 2.2 cm for the cathode and 2.2 x 3.5 cm for the anode;
Vermed) and a Grass S48 stimulator (with a CCU1 constant current unit and an SIU5
stimulus isolation unit; Natus Neurology - Grass, Warwick, RI). The stimulating electrode
pair was placed so as to minimize the H-reflex threshold and to avoid stimulating other
nerves. This placement was accomplished by monitoring the EMG of soleus and TA and
palpating other lower-leg muscles, such as the peroneal muscle group. To avoid session-to-
session variability in electrode placement, their locations were mapped in relation to
permanent marks on the skin (e.g., scars or moles). The same investigator (AKT) placed the
electrodes and conducted all study sessions (including locomotor EMG assessments) that
involved EMG recording, for each participant.

At the beginning of each session and the beginning of each locomotor EMG assessment for
both DC and NS groups, an H-M recruitment curve was obtained. The tibial nerve was
stimulated by a 1-ms square pulse while the participant maintained a natural standing
posture with pre-defined levels (see above) of soleus and TA background EMG activity. The
stimulus occurred only when the participant had maintained rectified soleus and TA EMG
activity within the specified ranges for at least 2 s. Typically, the soleus background EMG
level corresponded to 10-20% of a maximum voluntary contraction (Thompson et a.,
2009a; Makihara et al., 2014), and the TA level was <7 pV absolute value (i.e., resting
level). The minimum inter-stimulus interval was 5 s. Stimulus intensity was varied in
increments of 1.25-2.50 mA from below soleus H-reflex threshold, through the intensity
that elicited the maximum H-reflex (Hmax), t0 an intensity just above that needed to elicit the
maximum M-wave (Mnax) (Kido et al., 2004a; Makihara et al., 2012). About 10 different
intensities were used to obtain each recruitment curve. At each intensity, four EMG
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responses were averaged to measure the H-reflex and M-wave. The stimulus intensity used
for the subsequent H-reflex trials fell on the rising phase of the H-reflex recruitment curve
(71£31(SD)% Hax during the baseline sessions) and produced an M-wave above threshold.
In each participant, this M-wave size was maintained for the H-reflex trials of all the
sessions.

Visual Feedback

The visual feedback screen presented to the DC participants for the H-reflex trials of the new
swing-phase operant conditioning protocol was similar to that of the original steady-state
protocol (Thompson et al., 2009a). The screen presented one or two panels, one for soleus
background EMG activity and one for H-reflex size. For the H-M recruitment curve
measurement during standing, only the background EMG panel was shown: if the
participant kept the height of the vertical bar (i.e., soleus background EMG activity level in
absolute value) in the specified range for 2 s, and at least 5 s had passed since the last
stimulus, a stimulus pulse was delivered. For control or conditioning H-reflex trials during
walking (Figure 1D), the background EMG panel was present, but the background EMG bar
was invisible (i.e., there was no feedback on background EMG activity). Regardless of the
soleus and TA EMG levels, the H-reflex was elicited in the late-swing phase of the studied
leg in every other step cycle. The number of the current trial in its block was shown.

During conditioning H-reflex trials, in addition to the empty background EMG panel and the
number of the current trial, the H-reflex panel appeared. It showed a heavy horizontal line
indicating the participant’s average H-reflex size for the 6 baseline sessions and a shaded
area that indicated the H-reflex size range that satisfied the current down-conditioning
criterion. The bar indicating the size of the most recent H-reflex was refreshed 200 ms after
each stimulus. It was green (indicating success) when H-reflex size fell within the shaded
area (i.e., was below the criterion value), and red (indicating failure) when H-reflex size
exceeded the criterion. In addition, the current success rate (i.e., percent of trials in the
current 75-trial block that were successful) appeared next to the H-reflex bar and was
updated after each trial. Thus, for each control trial, the visual feedback provided only the
trial number, it gave no information on H-reflex size; in contrast, for each conditioning trial,
the visual feedback informed the participant as to whether s/he had succeeded in producing
an H-reflex small enough to satisfy the size criterion, and it showed the running success rate
for the current block of trials.

In each conditioning session, the criterion value for the first block of 75 conditioning trials
was based on the immediately preceding block of 20 control trials, and the criterion values
for the second and third blocks of conditioning trials were based on the H-reflexes of the
immediately preceding block of 75 conditioning trials. The criterion was selected so that, if
H-reflex values for the new block were similar to those for the previous block, 50-60% of
the trials would be successful (Chen & Wolpaw, 1995a). For each block, the participant
earned a modest extra monetary reward when the success rate exceeded 50%. Further
protocol details are provided in Thompson et al. (2009a).
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H-reflex measurement for the baseline, conditioning, and follow-up sessions

In the DC participants, the H-reflex and M-wave sizes for each trial were measured as the
peak-to-peak values in time windows determined for each participant. A typical time
window was 35-47 ms poststimulus for the H-reflex and 6-23 ms poststimulus for the M-
wave. For each session of each DC group participant, the average H-reflex size for the 225
trials of the three 75-trial blocks was determined. This value is called the conditioned H-
reflex size (regardless of whether the session is a baseline session or a conditioning session).
In addition, for each session of each participant, we determined the average H-reflex size for
20 control trials. This value is called the control H-reflex size. For baseline sessions, these
20 control trials were the first 20 trials of the first 75-trial block. For conditioning sessions
and follow-up sessions, these 20 control trials were elicited prior to the first block of 75
conditioning trials, as indicated in Figure 1C and described above.

To determine for each DC participant whether the conditioned H-reflex size changed
significantly over the 30 conditioning sessions, the average H-reflexes for the 225 trials of
the final 6 conditioning sessions (i.e., sessions 25-30) were compared to the average H-
reflexes for the 225 trials of the 6 baseline sessions by unpaired #test (one-tailed). To
determine the final conditioned H-reflex size for each participant, the average H-reflexes for
the 225 trials of the final 3 conditioning sessions were averaged (i.e., the final week of
conditioning), and the result was expressed in percentage of the average H-reflex for the 225
trials of the 6 baseline sessions. (Thus, a value of 100% indicated no change.) To determine
for each participant the final control H-reflex size, the average H-reflexes for the 20 control
trials of the final 3 conditioning sessions were averaged, and the result was expressed in
percentage of the average H-reflex for the 20 control trials of the 6 baseline sessions.

Assessment of locomotor EMG activity, locomotor H-reflex, and walking speed

Before and after the 30 conditioning sessions (DC group) or 30 control sessions (NS group),
the locomotor EMG activity and the soleus H-reflex were assessed on the treadmill; and the
overground 10-m walking speed was measured. These assessments occurred on non-session
days.

First, the participant was asked to walk at his/her fastest comfortable speed on an indoor flat
surface that had markers at 0, 2, 12, and 14 m. The 10-m speed was calculated from the time
when the toes of the leading foot crossed the 2-m marker to the time when they cross the 12-
m marker. The participant repeated this three times, and the average value defined the
walking speed. Two participants (1 DC and 1 NS) wore an AFO and three participants (2 DC
and 1 NS) used forearm crutches during the 10-m walking tests of both the before and after
assessments.

Second, the soleus H-M recruitment curve was obtained while the participant maintained a
natural standing posture with pre-defined stable levels of soleus and TA background EMG
activity (see Electrical Stimulation and EMG Recording) .

Third, locomotor EMG activity was recorded from the soleus, TA, vastus lateralis (VL), and
biceps femoris (BF) muscles of both legs during 3-5 min of treadmill walking at the
participant’s self-selected comfortable speed (the same speed was used for both pre and post
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assessments). Footswitch cells inserted in the participant’s shoes detected foot contact
(typically, heel or toe contact). The same investigator (AKT) placed the electrodes for each
participant.

Fourth, after a few minutes of rest, the locomotor H-reflex was measured. Single 1-ms
square-pulse stimuli were delivered at different points in the step cycle to evaluate phase-
dependent H-reflex modulation (Capaday & Stein, 1986; Stein & Capaday, 1988; Ethier ef
al., 2003; Kido et al.,, 2004a). The stimulus interval was set to be long enough to have at
least one unstimulated step-cycle between successive stimuli. For these measurements, the
two participants who wore an AFO were asked to remove it.

To analyze locomotor EMG activity, the step cycle was divided into 12 bins of equal
duration (Kido ef al., 2004b; Makihara et al,, 2012; Thompson et al., 2013). For each leg, the
step cycle went from its foot contact to its next foot contact. For each muscle of each
participant, the average rectified EMG amplitude (equivalent to absolute value) in each of
the 12 bins was determined and expressed in percent of the amplitude in the bin with the
highest amplitude. The degree to which each muscle’s activity was modulated during
locomotion was determined by calculating its Modulation Index (MI) in percent as: 100 x
[(highest bin amplitude - lowest bin amplitude)/highest bin amplitude] (Zehr & Kido, 2001;
Zehr & Loadman, 2012). Thus, an MI of 0% indicated that a muscle did not modulate its
activity at all over the step cycle.

Similarly, to analyze phase-dependent modulation of the locomotor H-reflex, the step cycle
was divided into 12 equal bins. For each bin, the sizes of the H-reflexes accompanied by M-
waves of consistent size (i.e., consistent across the bins of the step cycle and across the two
assessments) were averaged (Llewellyn et al, 1990; Edamura et a/., 1991; Makihara et al.,
2014). Typically, about 10 responses were averaged for each bin. To evaluate the extent of
H-reflex modulation during walking, the modulation index, [100 x (maximum H-reflex -
minimum H-reflex) / maximum H-reflex] (Zehr & Kido, 2001; Kido et a/., 2004a; Makihara
et al., 2012) was calculated over the step cycle. For comparison of H-reflex size between the
two assessments (i.e., pre vs. post), the H-reflex was normalized to the M« in each
participant, and the normalized values were averaged across the participants.

Statistical Analysis

As mentioned above, to determine for each DC participant whether H-reflex down-
conditioning was successful, the average conditioned H-reflexes of the final 6 conditioning
sessions were compared to the average H-reflexes of the 6 baseline sessions by unpaired t-
test (one-tailed). To determine the group effect of conditioning, a repeated measures
ANOVA was used to evaluate conditioned and control H-reflex sizes across successive 6-
session blocks (i.e., baseline sessions 1-6 and conditioning sessions 1-6, 7-12, 13-18, 19—
24, and 25-30), together with the post-hoc Newman-Keuls test. We also assessed over all
sessions the stability of soleus Mo and M-wave size that accompany the H-reflex using a
repeated measures ANOVA (i.e., similar to the evaluation of the group effects on H-reflex
size). Soleus Max, M-wave for control trials, and M-wave for conditioning trials remained
stable across all the sessions (p>0.12 for all, one-way repeated measures ANOVA). This
indicated the stability of the EMG recording and nerve stimulation.
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To perform pre vs. post comparisons on locomotor EMG activity, locomotor H-reflex,
walking speed, and the Mnax and Hpax Values during standing in each group, paired two-
tailed t-test was used. For between-group comparisons, unpaired two-tailed t-test was used.
For all statistical assessments, the a level was set at 0.05.

In addition, to further evaluate the magnitude of H-reflex change with late-swing phase
conditioning (in contrast to the magnitude of H-reflex change with standard steady-state
conditioning), a two-way repeated measures ANOVA (groups x successive 6-session blocks)
was applied to the present swing-phase conditioning data and the previous steady-state
standing conditioning data (Thompson et al., 2013), and Hedges’ g (Hedges, 1981), a
measure of effect size as [difference in means / pooled and weighted standard deviation] was
calculated between the two data sets. Since we anticipated larger H-reflex decreases with
swing-phase conditioning (for more synaptic mechanisms would be available to change the
swing-phase reflex) than with static standing conditioning, unpaired one-tailed t-test was
used to compare the final H-reflex values between the swing-phase conditioning and steady-
state standing conditioning groups.

RESULTS

All 13 participants completed the 6 baseline sessions and 30 conditioning or control
sessions. As indicated above, the soleus Max, and the soleus M-wave size in control and
conditioning trials, remained stable across all the sessions in all 7 DC participants.

The results comprise: conditioned and control late-swing phase H-reflex sizes and standing
H-reflex sizes (obtained from the M-H recruitment curves) over the course of baseline,
conditioning, and follow-up sessions in the DC group; and locomotor EMG activity,
locomotor and standing H-reflex sizes, and 10-m overground walking speed before and after
the 30 conditioning or control sessions in the DC and NS groups. These data sets are
described here.

Swing-phase H-reflex change in DC participants

Swing-phase H-reflex down-conditioning was successful (i.e., the average conditioned H-
reflexes for conditioning sessions 25-30 were significantly less than those for the 6 baseline
sessions (Thompson et al., 2009a)) in 6 of 7 DC participants. In the remaining DC
participant, the H-reflex did not change significantly. The success rate of 6/7 (or 86%) is
similar to those for previous, steady-state operant conditioning studies in normal monkeys,
rats, and mice (i.e., 75-80%) (Wolpaw et a/., 1983; Wolpaw, 1987; Chen & Wolpaw, 1995a;
Carp et al.,, 2006b), in neurologically normal people (i.e., 8/9 or 89% (Thompson et al.,
2009a), 7/8 or 88% (Makihara et al., 2014)), and in people with SCI (6/9 or 67%)
(Thompson et al., 2013).

Figure 2 shows H-reflexes from a successful DC participant during a baseline session
(dashed) and the last conditioning session (solid). Figure 2A illustrates the change in the
conditioned H-reflex (i.e., the H-reflex for the three blocks of 75 trials in which, in the
conditioning sessions, the participant was encouraged to decrease the H-reflex and provided
with immediate feedback as to whether the reflex met the size criterion). Figure 2B
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illustrates the change in the control H-reflex (i.e., the H-reflex for the first 20 trials of each
baseline or conditioning session in which the participant was not asked to decrease the H-
reflex and was not provided with feedback as to reflex size). Both the conditioned and
control H-reflexes are much smaller after down-conditioning; the decrease is greater in the
conditioned H-reflex. As noted above, M-wave size did not change within or across the
sessions.

Figure 3 shows the average courses of H-reflex change for the present study’s successfully
down-conditioned DC participants with SCI, and it includes for comparison the average
courses for successfully down-conditioned participants from our earlier study of H-reflex
down-conditioning during standing in people with SCI (Thompson et al., 2013). It shows the
courses for the conditioned H-reflex (top), the control H-reflex (middle), and the within-
session difference between the conditioned and control H-reflexes (bottom). The within-
session difference reflects the task-dependent adaptation that the participants learn to
produce when they are asked to decrease H-reflex size; thus, it is present in the conditioning
trials but not in the control trials (Thompson et al., 2009a). Task-dependent adaptation is
thought to reflect a task-appropriate change in corticospinal tract (CST) influence over the
spinal reflex pathway that humans learn to produce typically within 1000 trials (as do
monkeys (Wolpaw & O’Keefe, 1984)). Figure 3C shows that, with both steady-state and
swing-phase conditioning, it appears after 3—4 conditioning sessions and is evident from
then on. Table 2 summarizes the changes in H-reflex size over the course of 30 down-
conditioning sessions in successive 6-session blocks.

These courses of change in the conditioned and control H-reflexes for swing-phase H-reflex
down-conditioning are strikingly different from those found in previous human studies, in
which the H-reflex was conditioned during standing. First, the final average value (i.e., the
average of the last 3 conditioning sessions) of the swing-phase conditioned H-reflex size was
38+23(SD)% of the baseline value, much smaller than the final average values of standing
conditioned H-reflex size in the previous conditioning study in people with SCI (69+£27%
(Thompson et al., 2013)) (p=0.03, unpaired ¢test). Thus, swing-phase conditioning
decreased the conditioning H-reflex more than did steady-state conditioning.

Second, the final value of the control H-reflex (i.e., the average of the last 3 conditioning
sessions) was smaller with swing-phase conditioning (i.e., 45+27(SD)% of baseline) than
with steady-state conditioning (i.e., 76£22%) (p=0.03, unpaired Ztest). Thus, conditioning
during the late-swing phase of walking decreased the control H-reflex more than
conditioning during standing.

Third, as Table 2 shows, both the conditioned and control H-reflex decreased more rapidly
with swing-phase conditioning than with conditioning during standing. With swing-phase
conditioning, the average values of the conditioned and control H-reflexes for conditioning
sessions 7-12 were significantly less than those for the baseline sessions (p<0.05 for both,
one-way repeated measured ANOVA and post-hoc Newman-Keuls test). This is in clear
contrast to steady-state conditioning: in people with SCI (Thompson et al., 2013), the H-
reflex did not become significantly smaller than baseline until sessions 19-24 (for the
conditioned reflex) and 25-30 (for the control reflex).
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Table 3 summarizes the statistical comparisons of H-reflex size changes for swing-phase
conditioning vs. steady-state conditioning (Thompson et a/., 2013). For both the conditioned
H-reflex and the control H-reflex, larger Hedges’ g values (i.e., larger differences between
the two protocol groups) were commonly observed in conditioning sessions 7 through 24,
consistent with the Figure-3 data indicating that H-reflex change occurred earlier and was
greater with swing-phase conditioning than with steady-state conditioning.

Fourth, in contrast to their striking differences in the rapidity and magnitude of conditioned
and control reflex change, people with SCI conditioned while walking (present study) or
while standing (Thompson et al., 2013) displayed task-dependent adaptation that was similar
in onset session (i.e., sessions 3—-4) and average magnitude (6+£6(SD)% with swing-phase
conditioning, 7£7% with steady-state conditioning).

All 6 successful DC participants completed the 1-month follow-up session, and 4 completed
the 3- and 6-month follow-up sessions. The conditioned H-reflex remained small in every
participant’s follow-up sessions, averaging 49+35(SD)% of baseline value at 1 month,
47+24% at 3 months, and 47+28% at 6 months. The control H-reflex also remained small,
averaging 48+30% at 1 month, 62+27% at 3 months, and 56+26% at 6 months.

In summary, both the conditioned and the control H-reflexes decreased much faster and
much more with swing-phase conditioning than with steady-state conditioning; and they
remained small for at least 6 months after conditioning ended. At the same time, in people
with SCI, swing-phase conditioning and steady-state conditioning were similar in the onset
time and average magnitude of task-dependent adaptation.

The locomotor H-Reflex across the step-cycle

Before and after the 30 conditioning (DC participants) or control sessions (NS participants),
the locomotor H-reflex was measured throughout the step cycle. The step cycle was divided
into 12 bins of equal duration and average H-reflex size for each bin was determined. The
average of these 12 values was defined as the average locomotor H-reflex. In addition, the
averages of bins 4-6 and bins 10-12 were defined as the mid-late stance phase H-reflex
(henceforth referred to as the “stance-phase H-reflex”) and mid-late-swing phase H-reflex
(henceforth referred to as the “swing-phase H-reflex”), respectively.

The Modulation Index (MI) of the locomotor H-reflex over the step cycle (Zehr & Kido,
2001; Kido et al., 2004a; Makihara et al., 2012) was high before the 30 conditioning
sessions (DC participants: 90+8(SD)%) or the 30 control sessions (NS participants:
93+13%), and did not change significantly after the 30 sessions (DC participants: 91+9%;
NS participants: 91+13%). The fact that the locomotor H-reflex M1 was high even before
conditioning, as it is in neurologically normal individuals (Kido et a/., 2004a; Makihara et
al., 2014), was expected, since the participants in this study were community ambulators
(baseline 10-m walking speed: 1.02+0.43(SD) m/s; 3.7 km/h). However, the phase
dependence of their modulation was not normal: the H-reflex was abnormally large during
the swing phase of walking, during which the H-reflex is very small or absent in normal
individuals (i.e., <5% Mpax (Makihara et al., 2012, 2014)).
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Figure 4A shows average H-reflex modulation over the step cycle in successful DC
participants and NS participants before and after the 30 conditioning or control sessions. In
the successful DC participants, the average locomotor H-reflex over the entire step cycle
decreased by 29% (from 34+14(SD)% Mmax t0 24£11% Max)(p=0.007 by paired £test);
the average stance-phase H-reflex decreased by 34% (from 47+22(SD)% Myax to 31+13%
Mmax) (p=0.04); and the average swing-phase H-reflex decreased by 43% (from 30+11(SD)
% Mmax 10 17£10% Mpax)(p=0.02, Fig. 4B). The sizes of the M-waves (in %M max)
associated with the H-reflexes did not change (p>0.39 for all comparisons). Thus, while
down-conditioning of the swing-phase H-reflex had its greatest effect on the swing-phase H-
reflex, it also reduced the H-reflex elsewhere in the step cycle.

In contrast, the locomotor H-reflexes of the NS participants did not change significantly: the
average H-reflex over the step cycle increased by 19% (from 31+£11(SD)%Mnax to 37£15%
Mmax) (p=0.09); the average stance-phase H-reflex increased by 6% (from 52+24(SD)

%M nax t0 55+29% Mpax) (p=0.21); and the average swing-phase H-reflex increased by
35% (from 17£11(SD)% Mpax t0 23£15% Mmax) (p=0.17) (Fig. 4B). The sizes of the M-
waves (in %Mp,x) associated with the H-reflexes did not change (p>0.19 for all
comparisons). Thus, the decreases in the locomotor H-reflex observed in successful DC
participants cannot be attributed to simply walking on the treadmill for 30 sessions over 10
weeks.

The H-Reflex during standing

In the DC group, H-M recruitment curves were measured at each session (including the
locomotor assessment sessions); and in the NS group they were measured in the locomotor
assessment sessions before and after the 30 control sessions. These curves were obtained
with the participant standing and providing fixed levels of ongoing soleus and TA EMG
activity. These data allowed us to assess the impact of the 30 conditioning or control
sessions on Mmax and Hmax, and, for the DC participants, on the size of the standing H-
reflex (Hg) elicited by a stimulus that produced an M-wave of the same size produced by the
stimulus used to elicit the H-reflex during locomotion. M,y did not change significantly in
either group: in the DC group, Max Was 6.0£1.4(SD) mV before and 6.2+1.4 mV after
(p=0.34 by paired t-test); in the NS group, it averaged 5.2+1.6 mV before and 4.7+1.7 mV
after (p=0.18).

Figure 5B shows Hp,x during standing measured before and after the 30 conditioning or
control sessions. In the successful DC participants, Hpyay fell to 80+19(SD)% of its pre-
conditioning value (from 56+18(SD)%M ,x before to 45£18% M. after) (p=0.03 by
paired ttest). In the NC group, the Hpax during standing did not change significantly after
30 control sesssions; it was 58+30(SD)% M,ax before the sessions and 56+25% M« after
(p=0.45 by paired #test).

Figure 5A shows the course of change in the H-reflex elicited during standing (i.e., Hg) over
the baseline sessions, the 30 conditioning sessions, and the follow-up sessions for the
successful DC participants. The stimulus level used to obtain these standing H-reflexes was
the same as that used during the swing-phase H-reflex trials (i.e., they produced M-waves of
very similar size). Soleus and TA background EMG during these Hg trials remain stable
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throughout the study (p>0.69 and 0.22, by repeated measures ANOVA). Similar to the
swing-phase control reflex, this standing control H-reflex started to decrease rapidly around
conditioning session 6, and was significantly decreased for conditioning sessions 7-12, 13—
18, 19-24, 25-30 (p<0.05 for each, one-way repeated measured ANOVA and Newman—
Keuls test as post hoc). However, it did not appear to decrease as much as the swing-phase
control reflex: final Hg size was 65+15(SD)% of baseline versus 45+27% for the swing-
phase control H-reflex (p=0.15 by paired t-test).

Walking speed and locomotor EMG Activity

In the 6 successful DC participants, 10-m walking speed increased significantly over the 30
conditioning sessions; the final value was 112+9(SD)% of baseline, and represented an
average increase of 0.12+0.08(SD) m/s (from 1.04 to 1.16 m/s, p=0.02, paired t test). The
speed increase ranged from 0.04 m/s to 0.26 m/s across participants. For 10-m walking
speed in individuals with SCI similar to the present participants, several groups have defined
values for the smallest real difference (SRD) of 0.05-0.10 m/s and values for the minimally
clinically important difference (MCID) of 0.10-0.15 m/s (Lam et al., 2008; Forrest et al.,
2014; Musselman & Yang, 2014; Yang et al., 2014). Five of the six successful DC
participants met or exceeded the SRD range, and three met or exceeded the MCID range.
Walking speed increase was not correlated with the final H-reflex size (correlation
coefficient r=0.33). In contrast, in the NS participants, walking speed did not change; the
final value was 99+8(SD)% of baseline, reflecting an average change of 0.01+0.04 m/s
(from 0.896 to 0.902 m/s, p=0.89).

To further assess possible changes in walking in the DC and NS participants, locomotor
EMG activity was recorded from the soleus, TA, vastus lateralis (VL), and biceps femoris
(BF) muscles of both legs before and after the 30 conditioning or control sessions, and each
muscle’s Modulation Index (MI) was calculated as described in the Methods.

MI values varied across participants and across the 8 muscles of each participant. In the 6
DC participants in whom the H-reflex decreased, the average M1 of the conditioned leg rose
from 84+9(SD)% to 87+7% and the average MI of the contralateral leg changed from
86+10% to 88+7%. The average MI across both legs rose significantly from 85+9% to
88+7% (p=0.003, paired t-test). This improvement in EMG modulation is similar to our
previous study of steady-state down-conditioning in people with SCI (Thompson et a/.,
2013). Thus, successful H-reflex down-conditioning was associated with significant increase
in the degree to which ankle and knee flexor and extensor muscles of both legs modulated
their activity in synchrony with the step cycle. In the NS participants, the average M1 across
the 8 muscles did not change (81+14% before and 81+14% after, p=0.47).

Figure 6 shows average locomotor EMG modulation in the muscles of the conditioned leg in
normal participants (N=7) before and after successful steady-state H-reflex down-
conditioning during standing (from Makihara et al., (2014)) and in a DC participant before
and after successful swing-phase H-reflex down-conditioning. As discussed in Makihara et
al. (2014), successful H-reflex down-conditioning does not disturb normal locomotor EMG
activity in normal participants (Fig. 6A). In contrast, in a participant with SCI in whom late-
swing phase H-reflex down-conditioning was successful, EMG modulation over the step
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cycle improved in both distal and proximal muscles (e.g., Fig. 6B). Notably, the clonic
soleus activity was replaced by an almost normal locomotor burst. Furthermore, TA activity
increased around foot contact, which would help to stabilize the ankle; and the activity of the
two proximal muscles became nearly normal. These improvements were still present 6
months after conditioning ended (not shown in the figure).

DISCUSSION

Earlier studies used steady-state operant conditioning protocols to change the excitability of
a spinal reflex pathway. In contrast, this study used a swing-phase operant conditioning
protocol to change the participation of the reflex pathway in the swing-phase of locomotion.
Thus, while the original protocol simply sought to change the reflex excitability, the new
protocol described here is more focused,; it seeks to change the functioning of the reflex
pathway in a specific phase of a dynamic movement. We studied people with spastic
hyperreflexia and moderately impaired locomotion due to chronic spinal cord injury. They
were an appropriate study population because hyperreflexia during the swing-phase was
likely to contribute to their impairment (Yang et a/., 1991; Fung & Barbeau, 1994;
Thompson et al., 2016) and because they walked well enough to be able to attend to the
conditioning protocol while walking on a treadmill.

The results are clear. Swing-phase down-conditioning was successful in 6 of the 7 DC
participants (86%), indicating the feasibility of operantly conditioning a reflex in a specific
phase of a dynamic movement. Furthermore, the swing-phase conditioning protocol reduced
the swing-phase soleus H-reflex faster and farther than the steady-state down-conditioning
protocol decreased the standing H-reflex in people with SCI (Thompson et al., 2013).
Indeed, the rate and magnitude of reflex decrease with the swing-phase protocol were
greater than those with the steady-state protocol in neurologically normal people, monkeys,
rats, or mice (reviewed in (Thompson & Wolpaw, 2014)). It is unlikely that such faster and
greater reflex change was simply a corrective response to the perturbation caused by H-
reflex elicitation, since the swing-phase H-reflex did not decrease over the 6 baseline
sessions in which the participant received no instructions, visual feedback, or
encouragement to reduce H-reflex size. The H-reflex only began to decrease with the down-
conditioning sessions, in which such instructions, feedback, and encouragement were
provided.

Furthermore, in contrast to steady-state conditioning, in which the control H-reflex decrease
is much slower and smaller than the conditioned H-reflex decrease (Thompson et al., 2013),
swing-phase conditioning decreased the conditioned and control H-reflexes almost in
parallel. The control H-reflex decrease lagged only ~2 sessions beyond the conditioned H-
reflex decrease and was nearly as large (Fig. 3). At the same time, the two protocols were
similar in the onset time and magnitude of task-dependent adaptation (i.e., within-session
difference between the control and conditioned H-reflexes) (Thompson et al., 2013).

In the present study, the treadmill-walking inclusion criterion ensured that the participants
could attend to the operant conditioning task while walking on the treadmill. Thus, they
walked faster than the people studied in Thompson et al. (2013b) (initial walking speed:
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1.02+0.12(SE) m/s (present study) vs. 0.39+£0.22 m/s (2013 study)). This initial difference in
locomotor function is unlikely to account for the difference in speed and magnitude of H-
reflex change. The H-reflex decrease produced here by the swing-phase protocol is not only
faster and greater than the reflex decreases with the steady-state protocol in previous studies
of people with SCI (Segal & Wolf, 1994; Manella et a/., 2013; Thompson et al., 2013), it is
also faster and greater than the decreases with the steady-state protocol in people or animals
with a fully intact CNS (Wolf & Segal, 1996; Thompson et a/., 2009a; Makihara et a/., 2014;
Mrachacz-Kersting & Kersting, 2016). Furthermore, neither in this study nor in Thompson
et al. (2013b) did final H-reflex decrease correlate with initial walking speed (r<0.1, p>0.85
for each). Thus, the greater rate and magnitude of reflex decrease with swing-phase
conditioning cannot simply be ascribed to milder SCI. Their differences in the speed and
magnitude of H-reflex decrease suggest that swing-phase and steady-state conditioning have
differences in mechanism.

Mechanisms of H-Reflex Decrease with Swing-Phase Conditioning

In the present context, the mechanisms that might account for the H-reflex decrease with
swing-phase conditioning fall into two categories: (1) mechanisms that can occur without
changes in posture or in background soleus and TA EMG levels; and (2) mechanisms that
involve such changes. The first category is available to both the swing-phase protocol and
the steady-state protocol; the second is available to the swing-phase protocol but not to the
steady-state protocol.

Studies in rats and non-human primates indicate that the smaller H-reflex produced by
steady-state conditioning is largely attributable to a positive shift in motoneuron firing
threshold (Carp & Wolpaw, 1994); it is associated with increases in GABAergic input to the
motoneuron (Wang et al., 2006; Wang et al., 2012) and in the number of GABAergic
interneurons in the ventral horn (Wang et a/., 2009). The present finding that swing-phase
conditioning also decreases the standing H-reflex (i.e., Fig. 5A) suggests that it too accesses
this first category of mechanisms.

Because the steady-state protocol requires maintenance of the same stable posture and the
same background soleus and TA EMG levels throughout baseline and conditioning sessions
((Thompson & Wolpaw, 2014, 2015) for review) it cannot access the second category:
mechanisms for changing H-reflex size that would also change ongoing EMG levels. In
contrast, the swing-phase protocol does not require stable and specific EMG levels or
posture prior to reflex elicitation. Thus, it can access mechanisms such as changes in
reciprocal inhibition from the antagonist muscle, autogenic 1b inhibition, recurrent
inhibition, and cutaneous and joint afferent inputs (Stein, 1995; Windhorst, 1996; Brooke et
al., 1997; Zehr & Stein, 1999; Pierrot-Deseilligny & Burke, 2012). These category-2
mechanisms, added to the category-1 mechanisms evident in Fig. 5A, could help explain the
unprecedently rapid and large decrease in the swing-phase H-reflex.

At the same time, while the combination of category-1 and category-2 mechanisms might
explain the speed and magnitude of decrease in the swing-phase H-reflex, it cannot explain
the finding that the decrease in the standing H-reflex was similarly rapid and nearly as large
(i.e., Fig. 5A). A possible explanation is provided by recent studies indicating that
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Therapeutic

concurrent aerobic exercise enhances motor learning (Roig et al., 2013; Roig et al., 2016;
Singh et al., 2016). Also important may be the fact that, in the context of the swing-phase
protocol, a small swing-phase H-reflex is doubly adaptive — it earns a reward on the screen
and it is associated with better walking. This explanation is consistent with the observation
that the steady-state protocol decreases the control H-reflex significantly more in people
with incomplete SCI than in people who are neurologically normal (Thompson et al., 2013).
In people with SCI, the decrease in the hyperactivity of the reflex pathway improves
walking; in people without SCI, in whom the reflex functions normally, a general decrease
of the reflex excitability may necessitate compensatory plasticity to preserve normal walking
(Makihara et al., 2014). This explanation is also consistent with the finding in rats with SCI
that appropriate H-reflex change continues to progress after conditioning ends, presumably
because it benefits walking (Chen et al., 2014b) (Wolpaw (Wolpaw, 2018) for discussion). In
sum, the doubly adaptive nature of a small swing-phase H-reflex in the swing-phase protocol
may drive category-1 mechanisms more effectively than does the steady-state protocol,
thereby accounting for the difference between Figure 5A and Figure 3B (middle panel) in
the rapidity and magnitude of H-reflex decrease.

Implications

The present results add to the data indicating that spinal reflex conditioning can enhance
functional recovery after SCI (Manella et al., 2013; Thompson et al., 2013). In people with
spastic hyperreflexia due to chronic incomplete SCI, swing-phase down-conditioning
triggered wider change: locomotor EMG modulation improved in proximal and distal leg
muscles of both legs and walking speed increased. While statistically significant, the
improvements were relatively modest. This probably reflected the fact that the participants
already walked fairly well, considerably better than the participants of Thompson et al.
(2013) in whom steady-state down-conditioning greatly improved locomotion. Nevertheless,
all but one of the successful DC participants in the present study met or exceeded the range
for the smallest real difference (SRD) in 10-m walking speed, and half met or exceeded the
range for the minimally clinically important difference (MCID) (Lam et al., 2008; Forrest et
al., 2014; Musselman & Yang, 2014; Yang et al., 2014).

The ability of a targeted beneficial change in one key reflex pathway to trigger wider
beneficial change in locomation is consistent with the negotiated equilibrium model of
spinal cord function (Wolpaw, 2010, 2018). Acquisition of an appropriate new behavior
(e.g., a smaller swing-phase H-reflex) improves the ongoing negotiation among behaviors
that determines spinal neuronal and synaptic properties. After SCI and standard
rehabilitation, the spinal cord typically reaches a suboptimal local minimum in the multi-
dimensional space defined by spinal neuronal and synaptic properties (e.g., reflex
hyperactivity persists). By targeting beneficial change in a key reflex pathway, H-reflex
down-conditioning enables the spinal cord to escape this local minimum; it thereby triggers
a new negotiation in which the new behavior (i.e., a smaller H-reflex) and old behaviors
(e.g., locomotion) can act synergistically to reach a superior new equilibrium. Locomotor
EMG activity (and kinematics (Chen et al,, 2011; Chen et al.,, 2014a)) change bilaterally and
locomotion improves.
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The most exciting finding of this study is that the swing-phase protocol decreased the H-
reflex much faster and farther than the steady-state protocol (Fig. 3 and Tables 2 and 3).
Furthermore, the decrease persisted for at least 6 months after conditioning ended. These
results imply that the number of conditioning sessions could be considerably reduced,
thereby enhancing the clinical practicality and appeal of spinal reflex conditioning. At the
same time, as noted above, the demands of treadmill walking during conditioning made the
swing-phase protocol inaccessible to participants with more severe locomotor impairments.
Initial animal data suggest that the rapid reflex change found here might also occur in
participants who undergo steady-state conditioning trials in close proximity to locomotor
practice (Chen et al, 2017). This would enable more rapid conditioning even in people with
more impaired locomotion. The present results also encourage development of reflex
conditioning protocols that target beneficial changes in reflex function in specific phases of
other movements (e.g., reach and grasp).

In people with hyperreflexia due to chronic incomplete SCI, an operant down-conditioning
protocol applied to the H-reflex during the swing-phase of locomotion decreased the reflex
much faster and farther than did the steady-state operant conditioning protocol used in
previous studies of animal or humans with or without SCI. The rapid large decrease in the
swing-phase H-reflex was accompanied by rapid decrease in the standing H-reflex and in the
H-reflex elsewhere in the step cycle. It was also associated with faster walking speed and
improved modulation of locomotor EMG activity in the proximal and distal leg muscles. H-
reflex decrease persisted for at least 6 months after conditioning ended. The results
illuminate the factors affecting the rate and magnitude of spinal reflex conditioning; they
thereby indicate how the efficacy and efficiency of this novel therapeutic method might be
further enhanced. Protocols that target reflex function in a specific movement phase offer a
focused and flexible new approach to improving functional recovery after SCI or in other
disorders.
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KEY POINTS SUMMARY

In people or animals with incomplete spinal cord injury (SCI), changing a
spinal reflex through an operant conditioning protocol can improve
locomotion.

All previous studies conditioned the reflex during steady-state maintenance of
a specific posture. In contrast, this new study down-conditioned the reflex
during the swing-phase of locomotion in people with hyperreflexia due to
chronic incomplete SCI; it sought to modify the functioning of the reflex in a
specific phase of a dynamic movement.

This novel swing-phase conditioning protocol decreased the reflex much
faster and farther than did the steady-state protocol in people or animals with
or without SCI, and it improved locomotion.

The reflex decrease persisted for at least 6 months after conditioning ended.

The results suggest that conditioning reflex function in a specific phase of a
dynamic movement offers a new approach to enhancing and/or accelerating
recovery after SCI or in other disorders.
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Figure 1.
A: Session view. B: Session schedule. Six baseline sessions were followed by 30

conditioning sessions (in DC participants) or 30 control sessions (in NS participants)
sessions, and then by two follow-up sessions. C: Composition of baseline, control,
conditioning, and follow-up sessions. D: Visual feedback screens for control and
conditioning trials. In all trials, the number of the current trial within its block is displayed.
Background EMG panel is present, but the EMG feedback graph remains invisible
throughout the trials. Thus, no information on the ongoing EMG activity is provided to the
participant. In every other step, tibial nerve stimulation elicits the soleus H-reflex in the late
swing phase of the step cycle. In control trials (top), the H-reflex panel is not shown. In
conditioning trials (bottom), the shading in the H-reflex panel indicates the rewarded H-
reflex range for down-conditioning. The dark horizontal line is the average H-reflex size of
the baseline sessions, and the vertical bar is the H-reflex size for the most recent trial. If that
H-reflex size falls in the shaded area, the bar is green and the trial is a success. If it exceeds
the shaded area, the bar is red and the trial is a failure. The running success rate for the
current block is also shown.
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Figure 2.
Average conditioned H-reflexes (left; 225 trials) and control H-reflexes (right; 20 trials) in a

baseline session (dashed line) and the last conditioning session (solid line) from a participant
whose H-reflex decreased significantly. A small stimulus artifact is present.
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Figure 3.

Average (£SE) H-reflex values for baseline, conditioning, and follow-up sessions for the
present DC (swing-phase conditioning) participants with SCI (A, N=6, filled symbols) and
for the previous DC (standing, steady-state conditioning) participants (B, N=6, open
symbols, from Thompson et al., 2013) in whom the H-reflex decreased significantly. Of the
present group of participants, all 6 completed 1 month follow-up session (F1) and 4
completed 3 and 6 months (F3 and F6) follow-up sessions. Of the Thompson et al. (2013)
participants, 4 completed 1 and 3 months follow-up (F1 and F3) sessions. Top: Average
conditioned H-reflex size. Middle: Average control H-reflex size. Bottom: Average of
conditioned H-reflex size minus control H-reflex size (i.e., task-dependent adaptation; for
details see (Thompson et al., 2009a)). The asterisks between swing-phase conditioning and
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steady-state conditioning indicate significant differences (p<0.05) between the two
conditioning protocols in the final conditioned H-reflex size and the final control H-reflex
size.
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Figure 4.

A: Locomotor H-reflex (mean=SD) in DC participants in whom the H-reflex decreased
significantly (N=6, left) and NS participants (N=6, right) before and after 30 conditioning or
control sessions. The step cycle is divided into 12 equal bins, starting from foot contact.
Thus, bins 1-7 are for the stance phase and bins 8-12 are for the swing phase. In DC
participants, H-reflex decreased in the swing phase and also in the stance phase. Such
decreases were not present in NS participants. B: H-reflex in the mid-late swing phase (i.e.,
bins 10-12, highlighted in A) measured before and after 30 conditioning or control sessions.
An asterisk indicates a significant difference (p<0.05, t-test) from the baseline value (left) or
between the measurements (right).
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A: Average (£SE) standing H-reflex values for baseline, conditioning, and follow-up
sessions for the present DC group participants with SCI (N=6) in whom the late-swing phase
H-reflex decreased significantly. Follow-up data are from all 6 participants for 1 month
follow-up (F1) and from 4 for 3 and 6 months (F3 and F6) follow-up sessions. B: The Hyax

during standing (mean+SD) was measured before and after 30 conditioning or control

sessions.
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Figure 6.

Average locomotor EMG activity from soleus, tibialis anterior (TA), vastus lateralis, and
biceps femoris of the conditioned leg, before (dashed) and after (solid) the 30 soleus H-
reflex down-conditioning sessions. For each muscle, EMG amplitude in each of the 12 equal
bins was normalized to the amplitude in the bin with the highest amplitude. A: Locomotor
EMG in normal participants (N=7) in whom H-reflex conditioning during standing was
successful (modified from Makihara et al., 2014). As discussed in Makihara et al. (2014),
successful H-reflex down-conditioning does not disturb normal locomotor EMG activity in
normal participants. An error bar indicates 1SD for each bin. B: Locomotor EMG in a
participant with SCI in whom swing-phase H-reflex down-conditioning was successful.
EMG modulation over the step cycle improved after conditioning in both distal and proximal
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muscles (compare to normal participants). The clonic soleus activity was replaced by an
almost normal locomotor burst, TA activity at the onset of stance increased (i.e., helping to
stabilize the ankle around foot contact), and vastus lateralis and biceps femoris activity
became much more normal.
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Profiles of Down-conditioning (DC) and No-stimulation (NS) control participants.

Table 1.

Participant | Group | Age | Sex | SCI Cause | SCI Level | AIS | YrsPost SCI | Baclofen
1 DC 55 M T C5 D 5 No
2 DC 48 M T C1 D 25 Yes
3 DC 67 M T C8 D 2 Yes
4 DC 18 F T Cc7 D 15 Yes
5 DC 55 M T C6 D 10 No
6 DC 52 M T C4 D 25 No
7 DC 48 M T T1 D 4 No
8 NS 70 M NT T5 D 13 No
9 NS 33 F T Cc7 D 10 Yes
10 NS 43 M C4 D 15 Yes
11 NS 57 F C5 D 8 No
12 NS 54 F NT C6 D 5 No
13 NS 48 M T C7 D 15 Yes

Cause of spinal cord damage (T: trauma, NT: non-trauma).

AIS: American Spinal Injury Association (ASIA) Impairment Scale

J Physiol. Author manuscript; available in PMC 2022 May 01.

Page 31



1duosnuey Joyiny

Thompson and Wolpaw Page 32

Table 2.

Changes in the soleus H-reflex with down-conditioning during standing (i.e., steady-state conditioning)
(Thompson et al., 2013) and down-conditioning during the late swing phase of walking (i.e., swing-phase
conditioning) (present study).

Cl1-6 (%) | C7-12 (%) | C13-18 (%) | C19-24 (%) | C25-30 (%)

standing | 102.1+12.0 92.1+15.2 84.5+20.1 75.4+18.6* | 69.7+27.9*

Conditioned Reflex
walking 91.0+25.1 | 58.0+34.7* | 51.8+34.2* | 49.9+285* | 42.5+25.0*

standing | 103.5+9.3 100.6+13.9 94.8+16.8 85.5+13.3 77.4+23.0 *

Control Reflex
walking | 102.4+33.8 | 69.7+24.6 * | 57.8£32.0* | 57.1#27.5* | 49.6+35.7 *

standing | -1.4+15.2 -8.4£7.0 -10.3£8.5 -10.0£8.1 -7.746.9

Within-Session Change

walking | -11.4+13.5 | -11.7+14.0 -6.748.3 -7.3+7.4 -7.146.1

*
All values are in % of baseline value +SD.

*
For the conditioned and control reflexes, asterisks indicate significant differences from the 6 baseline sessions (p<0.05, Newman-Keuls test for
post hoc).
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Table 3.

Page 33

Comparisons of H-reflex sizes across successive 6-session blocks (i.e., baseline sessions 1-6 and conditioning
sessions 1-6, 7-12, 13-18, 19-24, and 25-30) for steady-state conditioning (Thompson et al., 2013) vs.

swing-phase conditioning (present study). Hedges’ g values >0.8 imply large differences (indicated by

asterixes).

Comparison of steady-state

ANOVA (F and p values)

Hedges’ g (Hedges, 1981)

conditioning vs. swing-phase

conditioning OTOUP | sessioneeffect | $TOUP* | c16 | 712 | c13-18 | C19-24 | C25-30
Conditioned reflex during standing _ _ _

(2013 study) vs. during walking oo o o 048 | 113 | 103* | o092* | o090
(present study) p=0. p<. p=0:

Control reflex during standing _ _ _

(2013 study) vs. during walking Fools P08 Fe28 012 | 126 | 133« | 120¢ | o059
(present study) p=0. p< p=0.

Within-session difference between F=0.11 F=1.18

conditioned and control reflexes :0'75 F=2.41 p=0.05 :0'33 0.62 0.27 -0.39 -0.32 -0.08
(2013 study vs. present study) p=0. p=0.

Control Reflex during standing F=5.29 F=9.13 F=1.83

(2013 study vs. present study) p=0.04 p<.0001 p=0.13 1.00* | 1.12* 117" . 0.40
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